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Abstract 
 
This dissertation proposes proportional-integral/proportional (PI-P) gain controller 
parameter tuning in a two-degrees-of-freedom (2DOF) control system using the fictitious 
reference iterative tuning (FRIT) method for permanent magnet synchronous motor (PMSM) 
speed control using a field-programmable gate array (FPGA) for a high-frequency SiC 
MOSFET inverter. The PI-P controller parameters can be tuned using the FRIT method from 
one-shot experimental data without using a mathematical model of the plant. FRIT method is 
used to tune PI-P controller parameters for both step response and disturbance response. A 
virtual disturbance reference method is proposed in FRIT method where the position of 
disturbance can be moved virtually to the position of reference so that PI-P controller parameters 
are designed for both step response and disturbance response at the same time and PI-P 
controller parameters are not designed separately. Particle swarm optimization is used for FRIT 
optimization. An inverter that uses a SiC MOSFET is presented to achieve high-frequency 
operation at up to 100 kHz using a switching pulse-width modulation (PWM) technique. As a 
result, a high responsivity and high stability PMSM control system is achieved, where the speed 
response follows the desired response characteristic for both the step response and the 
disturbance response. High responsivity and disturbance rejection can be achieved using the 
2DOF control system. FPGA-based digital hardware control is used to maximize the switching 
frequency of the SiC MOSFET inverter. Finally, an experimental system is set up and 
experimental results are presented to prove the viability of the proposed method.  
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Chapter 1  
 
Introduction 
 
1.1 Background 
Permanent magnet synchronous motor (PMSM) has been used in many applications from home 
appliances such as washing machine, air conditioner and refrigerator, to industrial equipment, 
transportation such as electric vehicle, train, and aircraft, and industrial automation for traction and 
robotics, because of its high performance, maintenance free, small size, light weight and high 
efficiency. PMSM also works as gearbox for elevator and escalator application of machine. 
A high-performance motor control system of PMSM requires a high responsivity system and 
immediate recovery to the steady-state condition when a motor under load condition is affected by 
any disturbance [1]. To achieve this aim, a high-frequency pulse width modulation (PWM) inverter 
method is used in motor drive applications. For realizing high-frequency PWM inverter, SiC 
MOSFET inverter is used for PMSM speed control. If standard Si based inverter is employed, losses 
in the switches make it difficult to overcome significant drop in efficiency of converting electrical 
power to mechanical power. High responsivity and disturbance rejection can be achieved using the 
two-degrees-of-freedom (2DOF) control system with high-frequency PWM. There are many 
advantages to using high-frequency PWM in motor drive application, including high motor 
efficiency, fast control response, reduced motor torque ripple, near-ideal sinusoidal motor current 
waveforms, reduced filter sizes, and lower filter costs [2].  
FPGA-based digital hardware control is used to ensure fast processing operation for the high-
frequency switching of the SiC MOSFET inverter. While, from a view point of the control 
equipment of the driving system, the software based controller is employed for the speed control in 
general. As though the processing speed is extremely fast, software control has limitation of the 
calculation time principally [3]. FPGA has advantages such as high speed processing and 
rewritability. High speed calculation is obtained using the ability of hardware processing. The 
synthesis process, the generate programming file process, and the configure target device process 
must be performed before downloading the programming file to an FPGA, so that  it is not effective 
nor efficient to tune controller parameters only to determine the value of controller parameters by 
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trial and error. It takes several times of tuning the controller parameters. To overcome this problem, 
fictitious reference iterative tuning (FRIT) method is used to tune controller parameters, which 
require one-shot experimental data, so tuning controller parameters is effective and efficient. 
Recently, FRIT, which can be used to obtain optimal controller parameters using the input and 
output data from one-shot experimental data, has been studied by several researchers [4]-[13]. The 
data is used to determine the plant dynamics without knowing the mathematical model of the plant.  
Since the real measured input/output data of a plant includes fruitful information on the dynamics 
of the plant more directly than mathematical models obtained in the system identifications, it is to 
be expected that such direct approaches provide effective controllers reflecting the dynamics of a 
plant. FRIT is used to obtain optimal controller parameters by evaluating a performance index that 
consists of the squared error between reference and experimental outputs. 
This dissertation  presents the use of the fictitious reference iterative tuning (FRIT) method for 
tuning of a two-degrees-of-freedom (2DOF) proportional-integral/proportional (PI-P) controller in 
a new speed control system for a permanent magnet synchronous motor (PMSM) using a field- 
programmable gate array (FPGA) for a high-frequency SiC MOSFET inverter. High switching 
frequency operation can be achieved using the SiC MOSFET because of its superior material 
characteristics [14]-[17]. Variable frequency drives (VFDs) can be operated efficiently at carrier 
frequencies in the 50 to 200 kHz range when using this device [2]. PI-P controller is feedback-type 
(FB-type) 2DOF control system. The 2DOF PI-P controller offers a powerful way to make both the 
step response and the disturbance response practically optimal [18].  
Currently, a tuning method using FRIT in two-degrees-of-freedom control system is to obtain the 
desired controller parameter only for step response without disturbance response or designed for 
only the disturbance response. There is no research to obtain the desired controller parameters for 
both the step response and disturbance response using FRIT method. A two-degrees-of-freedom 
control system has advantages such as desired step response and disturbance rejection. 
To achieve these advantages, this dissertation proposes the development of FRIT method for 
tuning 2DOF PI-P controller to obtain desired step response and disturbance rejection and a virtual 
disturbance reference method is proposed in FRIT method where the position of disturbance is 
moved virtually to reference position so that 2DOF PI-P controller is designed for both step 
response and disturbance response at the same time. 
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1.2 Previous work  
Many published studies that have considered direct control parameter tuning methods. 
Hjalmarson [19] developed iterative feedback tuning. This requires signal and gradient quantities 
to achieve optimal performance. It also performs many experiments to update the controller 
parameters to minimize the performance index. Campi et al.[20] proposed virtual reference 
feedback tuning (VRFT), Lecchini et al. [21] proposed 2DOF VRFT, Rojas et al.[22] proposed a 
feedforward formulation of the VRFT method based on a 2DOF control configuration, and Gazdos 
et al. [23] proposed a VRFT method for iterative controller design and fine tuning. VRFT uses a set 
of measured input/output data for the design of a controller with the desired structure but without 
restrictions on data generation. It is based on the idea of constructing a virtual reference signal and 
on model reference control. The performance index is minimized using input data and pre-filtering 
in VRFT requires the desired closed loop response and its sensitivity function. Soma et al. [4],[5] 
proposed FRIT, Wakasa et al. [6] proposed an online-type controller parameter tuning method based 
on modification of the standard FRIT, and Azuma et al. [7] proposed the FRIT-particle swarm 
optimization (FRIT-PSO) method to design proportional-integral-derivative (PID) controllers for 
control systems. These researchers studied tuning methods using FRIT in a one-degree-of-freedom 
(1DOF) control system. Kaneko et al. [8]-[11] proposed the use of the FRIT method for tuning of 
the feedforward controller in a 2DOF control system. Author provides a tuning method to obtain 
the optimal parameters of the feedforward controller in a 2DOF control system for the purpose of 
achieving the desired response without using a mathematical model of plant. The FRIT method is 
now the focus of research for many control systems researchers.  
However, these researchers studied tuning methods using FRIT that were without a disturbance 
response. Tuned PID controllers are not optimal when a disturbance is applied to the control system. 
The advantages of a 2DOF method cannot be found in papers where the set-point and the 
disturbance rejection are practically optimal.  
Masuda [12] proposed a direct PID gains method for speed control of a DC motor using the input-
output data generated by the disturbance response. This paper focused on step-type disturbances to 
generate the initial one-shot input and output data for PID gain tuning.  
The present study proposes the use of a disturbance reference model for the ideal response in 
addition to the step reference model in the FRIT method. Harahap et al. [13] proposed the use of 
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the FRIT method for tuning of a proportional-integral (PI) controller in a speed control system for 
a PMSM using an FPGA for a high-frequency SiC MOSFET inverter.   
 
1.3 Objective of the dissertation 
This dissertation proposes the use of the FRIT method to obtain desired PI-P controller parameters 
in a 2DOF control system for speed control of a PMSM using a SiC MOSFET inverter. Step 
reference and disturbance reference models are used to produce the ideal response in the FRIT 
method. This dissertation develops a FRIT method for tuning of the feedback controller in the 2DOF 
control system using the step response and the disturbance response, whereas Kaneko used the 
FRIT method for tuning of the feedforward controller in a 2DOF control system without the 
disturbance response. This dissertation provides novel results of tuning 2DOF PI-P controller using 
FRIT method where the speed response follows the ideal response characteristics for both step 
response and disturbance response. A virtual disturbance reference method is proposed where the 
disturbance position can be moved to reference position virtually when disturbance is applied to 
control system so that 2DOF PI-P controller can be designed at the same time and controller 
parameters are not designed separately. PSO is used for FRIT optimization and provides better 
performance than FRIT optimization without PSO [7]. A highly responsive system is achieved using 
the SiC MOSFET inverter such that the speed response follows the ideal response characteristics 
for both the step response and the disturbance response. High-speed response and disturbance 
rejection can thus be achieved using the 2DOF PI-P control system.  
 
1.4 Organization of the dissertation  
 
Chapter 2 
In this chapter at first, PMSM is introduced and PMSM speed control is explained. Principle of 
PMSM, mathematical model of PMSM, torque equation of PMSM, position and speed detection, 
and inverter are described in this chapter. Vector control is presented for PMSM where the stator 
currents of a three-phase AC electric motor are identified as two orthogonal components that can 
be visualized with a vector. One component defines the magnetic flux of the motor, the other the 
torque. Finally, PMSM speed control system and FPGA are described.  
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Chapter 3 
Controller design using fictitious reference iterative tuning (FRIT) for PMSM speed control is 
described in this chapter. PI controller design using FRIT with and without disturbance response 
and 2DOF PI-P controller design using FRIT with disturbance response are described. The 
explanation of FRIT in the 2DOF PI-P controller is given and step reference model and disturbance 
reference model are described. A virtual disturbance reference method is explained in this chapter 
where this is the proposed method in FRIT method to obtain 2DOF PI-P controller parameter for 
both step response and disturbance response at the same time. FRIT is one of the methods for tuning 
the parameter of a controller only using one-shot experimental data and without using a 
mathematical model of plant. 
 
Chapter 4 
Particle swarm optimization (PSO) is described in this chapter and algorithm of fictitious 
reference iterative tuning (FRIT) and PSO are described. FRIT is the center of the study in this 
dissertation. A flowchart of particle swarm optimization algorithm for FRIT optimization is 
described to represents an algorithm and process of FRIT optimization using particle swarm 
optimization.   
 
Chapter 5 
Experimental apparatus is set-up in this chapter. PMSM for motor load and motor control, SiC 
MOSFET inverter, FPGA, interface are shown and specification of these apparatus is described. 
Experimental results which include extended time result for step response and disturbance are 
shown in this chapter. The validity of the proposed method is shown using the experimental 
apparatus. 
 
Chapter 6 
Major conclusions that can be drawn from this dissertation are given in this chapter. There are the 
errors between q-axis current iq and plant input current iq
* so that there are the errors between speed 
response and ideal response. For future plan is how to design a method to minimize the errors 
between q-axis current iq and plant input current iq
* close to zero so that speed response is very 
close to the ideal response. 
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Chapter 2  
 
Permanent Magnet Synchronous Motor Speed Control 
2.1 Permanent magnet synchronous motor (PMSM) 
PMSM is an AC motor using a permanent magnet in rotor that has been used in many automation 
control fields such as an actuator. High performance in motion control, fast response and better 
accuracy are the advantages of PMSM. PMSM can be used for high-performance and high-
efficiency motor drives. Because permanent magnet is embedded in rotor to generate magnetic field, 
so that the excitation current is not needed like in induction motor.   
2.1.1 Structure of PMSM  
Structure of three-phase PMSM is shown in Fig.2.1. PMSM is composed of stator and rotor. The 
stator has three-phase windings that are wounded separately by 120 degrees angle each other.  
Permanent magnet is embedded in rotor to create magnetic field (Fr). When stator windings are 
connected to an AC voltage, a three-phase AC current flows through three-phase windings to 
produce rotating magnetic field (Fs). Rotating magnetic field is locked by rotor poles at 
synchronous speed. Magnetic field of rotor (Fr) will be pulled by rotating magnetic field (Fs) to 
follow it. The rotor will be stopped when Fs disappears because three phase current does not flow 
through three-phase stator windings.  AC voltage can be supplied from variable frequency drives 
or AC inverter that is connected to PMSM.     
 
 
 
 
 
 
 
 
 
Fr 
Fs 
ωe 
Fig. 2.1 Structure of Permanent Magnet Synchronous Motor 
. 
. . 
S N 
Rotor 
W 
V’ 
W’ 
V 
U 
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2.1.2 Rotating magnetic field 
Rotating magnetic field will be generated when AC current flows in three-phase stator windings 
that is shown in Fig. 2.4 and expressed as [24]: 
 
𝑖𝑢 = 𝐼𝑚𝑐𝑜𝑠 (𝜔𝑡)     (2.1) 
𝑖𝑣 = 𝐼𝑚𝑐𝑜𝑠 (𝜔𝑡 − 120
0)    (2.2)  
𝑖𝑤 = 𝐼𝑚𝑐𝑜𝑠 (𝜔𝑡 + 120
0)    (2.3)  
 
If three-phase AC current flows in the three-phase windings with the number of turns of winding 
N, magnetomotive force F is obtained and expressed as:  
 
𝐹𝑢 = 𝑁. 𝐼𝑚𝑐𝑜𝑠 (𝜔𝑡)     (2.4)  
𝐹𝑣 = 𝑁. 𝐼𝑚𝑐𝑜𝑠 (𝜔𝑡 − 120
0)    (2.5)  
𝐹𝑤 = 𝑁. 𝐼𝑚𝑐𝑜𝑠 (𝜔𝑡 + 120
0)    (2.6) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.2 Magnetic field of stator [24] 
Fu 
Fw Fv 
u u’ 
v 
v’ w 
w’ 
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Fig. 2.2 shows magnetic field in three-phase stator windings Fu, Fv and Fw and Fig. 2.3 shows the 
rotating magnetic field for ωt = 0, ωt = 600 and ωt = 900. Interaction of magnetic field between the 
stator magnetic field and the rotor magnetic field generates torque. Rotor magnetic field is generated 
by permanent magnet embedded on the rotor and the stator magnetic field is generated by current 
flowing through stator windings. AC current flowing through three-phase stator windings generates 
magnetomotive force Fu, Fv and Fw shown in (2.4), (2.5) and (2.6) that rotates by advancing the 
time as shown in Fig. 2.3. This is rotating magnetic field where the angular frequency of the rotating 
magnetic field is  
𝜔𝑒 =
𝜔
𝑃
     (2.7)  
Where ω is angular frequency of AC current and P is number of pole pairs.  
 
 
 
 
 
 
 
 
 
 
a. ωt = 0 b. ωt = 600 c. ωt = 900 
Fig. 2.3 Rotating magnetic field of PMSM [24] 
Fig. 2.4 Phase current flows through stator windings [25] 
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2.1.3 Mathematical model of PMSM 
 
Fig. 2.5 shows the circuit equivalent of PMSM used to derive mathematical model of PMSM.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Where  
Vua, Vva, Vwa   : Armature voltage 
iua, iva, iwa  : Armature current 
eua, eva, ewa   : Induced voltage 
Ra     : Armature resistance 
L’a   : Self inductance 
M’a   : Mutual inductance 
ωe   : Motor angular velocity 
ϴe   : Rotor position  
 
L’a = la + M
’
a       (2.8) 
 
Using the equivalent circuit, the voltage equation for each phase is derived and shown in (2.9)  
ϴe 
L ‘a 
ωe 
L ‘a 
L ‘a 
Vva 
Vwa 
Vua 
M ‘a 
M ‘a 
M ‘a 
 
Ra 
Ra 
Ra 
Fig. 2.5 Circuit equivalent [26] 
iua 
iva 
iwa 
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[
𝑉𝑢𝑎
𝑉𝑣𝑎
𝑉𝑤𝑎
] =
[
 
 
 
 𝑅𝑎 + 𝑃𝐿′𝑎 −
1
2
𝑃𝑀′𝑎 −
1
2
𝑃𝑀′𝑎
−
1
2
𝑃𝑀′𝑎 𝑅𝑎 + 𝑃𝐿′𝑎 −
1
2
𝑃𝑀′𝑎
−
1
2
𝑃𝑀′𝑎 −
1
2
𝑃𝑀′𝑎 𝑅𝑎 + 𝑃𝐿′𝑎]
 
 
 
 
[
𝑖𝑢𝑎
𝑖𝑣𝑎
𝑖𝑤𝑎
] + [
𝑒𝑢𝑎
𝑒𝑣𝑎
𝑒𝑤𝑎
]    (2.9) 
Flux linkage in u-phase winding is shown in (2.10) 
𝜑𝑓𝑢𝑎 = 𝜑′𝑓𝑎𝐶𝑜𝑠𝜃𝑒    (2.10) 
Induced voltage in the winding is shown in (2.11) 
𝑒𝑢𝑎 =
𝑑
𝑑𝑡
𝜑𝑓𝑢𝑎 
𝑒𝑢𝑎 = −𝜔𝑒𝜑
′
𝑓𝑎
𝑆𝑖𝑛 𝜃𝑒    (2.11)  
Induced voltage in the three-phase windings is expressed in (2.12) 
[
𝑒𝑢𝑎
𝑒𝑣𝑎
𝑒𝑤𝑎
] =
[
 
 
 
−𝜔𝑒𝜑
′
𝑓𝑎
𝑆𝑖𝑛 𝜃𝑒
−𝜔𝑒𝜑
′
𝑓𝑎
 𝑆𝑖𝑛 (𝜃𝑒 −
2𝜋
3
)
−𝜔𝑒𝜑
′
𝑓𝑎
 𝑆𝑖𝑛 (𝜃𝑒 +
2𝜋
3
)]
 
 
 
   (2.12)  
Since the armature windings are star-connected, the current equation is shown in (2.13). 
𝑖𝑢𝑎 + 𝑖𝑣𝑎 + 𝑖𝑤𝑎 = 0     (2.13)  
and La is defined as follows: 
𝐿𝑎 = 𝐿′𝑎 +
1
2
𝑀′𝑎 = 𝑙𝑎 + 𝑀′𝑎 +
1
2
𝑀′𝑎 = 𝑙𝑎 +
3
2
𝑀′𝑎  (2.14) 
Using the equation (2.12), (2.13) and (2.14), the equation (2.9) is expanded to the equation (2.15). 
 
[
𝑣𝑢𝑎
𝑣𝑣𝑎
𝑣𝑤𝑎
] = [
𝑅𝑎 + 𝑃𝐿𝑎 0 0
0 𝑅𝑎 + 𝑃𝐿𝑎 0
0 0 𝑅𝑎 + 𝑃𝐿𝑎
] [
𝑖𝑢𝑎
𝑖𝑣𝑎
𝑖𝑤𝑎
] +
[
 
 
 
−
−𝜔𝑒𝜑
′
𝑓𝑎
𝑆𝑖𝑛 𝜃𝑒
𝜔𝑒𝜑
′
𝑓𝑎
 𝑆𝑖𝑛 (𝜃𝑒 −
2𝜋
3
)
−𝜔𝑒𝜑
′
𝑓𝑎
 𝑆𝑖𝑛 (𝜃𝑒 +
2𝜋
3
)]
 
 
 
 (2.15) 
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2.1.4 Torque equation 
Product sum of the armature current and the armature winding flux linkage represents torque 
equation of PMSM that is shown in equation (2.16) 
𝑇𝑒 = 𝑃𝜑
′
𝑓𝑎
{−𝑖𝑢𝑎 𝑠𝑖𝑛 𝜃𝑒 − 𝑖𝑣𝑎 𝑠𝑖𝑛 (𝜃𝑒 −
2𝜋
3
) − 𝑖𝑤𝑎 𝑠𝑖𝑛 (𝜃𝑒 +
2𝜋
3
)} 
                        = 𝑃𝜑𝑓𝑎{−𝑖𝛼 𝑆𝑖𝑛 𝜃𝑒 + 𝑖𝛽 𝐶𝑜𝑠 𝜃𝑒}  
   = 𝑃𝜑𝑓𝑎𝑖𝑞  
    = 𝑘𝑡𝑖𝑞          (2.16) 
Where  
P: the number of pole pairs 
𝜑′𝑓𝑎: maximum three-phase flux linkage 
𝜑𝑓𝑎: √
3
2
𝜑′𝑓𝑎  
kt: torque constant  
𝑘𝑡 = 𝑃𝜑𝑓𝑎  
iq = q-axis current referred to as a torque component  
 
2.2 PMSM control system 
2.2.1 Vector control  
Vector control is the control method to decompose three-phase AC current of stator in form of 
vector of two orthogonal components. Two orthogonal components are defined as motor flux and 
torque. There are two kinds of orthogonal component, they are vector control for αβ transformation 
and dq transformation.  PMSM is controlled like a DC motor where magnetic field and armature 
currents (torque) are orthogonally aligned using vector control. These components are visualized in 
dq rotating coordinate, where d coordinate (id) is for magnetic field and q coordinate (iq) is for 
torque.  Three-phase variable of PMSM can be transformed into two-phase variables of DC motor 
using trigonometric functions which provide an effective means for the analysis and design of the 
speed control of permanent magnet synchronous motor. 
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2.2.2 Coordinate transformation 
 Because of vector control, PMSM is controlled like a separately excited DC motor, so that 
mathematical transformation is needed to decouple variables referring to a common reference frame. 
Mathematical model is used to look for a change variables with simplifies problem that transform 
three-phase quantities of PMSM into two-phase quantities (stationary reference frame). Three-
phase quantities u,v,w of PMSM can be transformed into two-phase quantities α,β (stationary 
reference frame) by Clarke’s transformation. Then, two-phase quantities (stationary reference 
frame) are transformed into rotating reference frame by Park’s transformation.  The Park’s 
transformation is a known as three-phase to two-phase transformation in AC machine analysis. Fig. 
2.6 shows the coordinate transformation of motor and Fig. 2.7 shows the transformation of three-
phase PMSM rotating magnetic field into like DC motor two-phase rotating magnetic field. PMSM 
speed control is easy to analysis using two-phase rotating magnetic field. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
u-axis 
ωe  
ωe  
q-axis 
d-axis 
β-axis 
α-axis 
v-axis 
w-axis 
ϴr 
Fig. 2.6 Coordinate transformation of motor 
1200 
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2.2.2.1 Clarke’s transformation 
Clarke’s transformation was made by Edith Clarke that denoted the stationary two-phase variables 
are α and β.  Fig. 2.8 shows three-phase fixed windings (u, v, w winding) and two-phase fixed 
windings (α, β winding). In the Clarke transform, zero-phase component is zero for balanced three-
phase system, so that zero component is omitted. Fig. 2.9 shows the α-axis coincides with u-axis 
and β-axis lags the α-axis by 
𝜋
2
 or β-axis is perpendicular to α-axis. This coordinate system is fixed 
on the stator, therefore, it is called stator coordinate system. Fig. 2.9 shows three-phase windings 
transformed into two-phase windings using the equation (2.17). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ωe  ωe  
vu 
 q 
 d 
 β 
 α 
Phase w 
Phase v 
Phase u 
Stationary 
to rotating 
Clarke’s Transformation Park’s Transformation 
vα iu iα 
Fig. 2.7 Coordinate transformation from uvw to αβ and αβ to dq 
Fig. 2.8 Three-phase windings and two-phase windings 
a. Three-phase windings b. Two-phase windings 
1200 
Three-phase 
to two-phase 
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[
𝑖𝛼
𝑖𝛽
] = 𝑢𝑣𝑤[𝐶]𝛼𝛽 [
𝑖𝑢
𝑖𝑣
𝑖𝑤
]    , [
𝑣𝛼
𝑣𝛽
] = 𝑢𝑣𝑤[𝐶]𝛼𝛽 [
𝑣𝑢
𝑣𝑣
𝑣𝑤
]   (2.17) 
 
Where    𝑢𝑣𝑤[𝐶]𝛼𝛽   is a matrix transformation. Through balanced three-phase AC current iu, iv and 
iw will bring a rotating magnetic field ϕ with the speed ωe.  Balanced three-phase AC current iu, iv 
and iw are transformed into balanced two-phase current iα and iβ using the equation (2.18) and (2.19). 
𝑖𝛼 = 𝐾 [𝑖𝑢𝑐𝑜𝑠 0 + 𝑖𝑣𝑐𝑜𝑠
2𝜋
3
+ 𝑖𝑤𝑐𝑜𝑠
4𝜋
3
] 
𝑖𝛼 = 𝐾 [𝑖𝑢 −
1
2
𝑖𝑣 −
1
2
𝑖𝑤]     (2.18) 
𝑖𝛽 = 𝐾 [𝑖𝑢𝑠𝑖𝑛 0 + 𝑖𝑣𝑠𝑖𝑛
2𝜋
3
+ 𝑖𝑤𝑠𝑖𝑛
4𝜋
3
] 
𝑖𝛽 = 𝐾 [ 0 +
√3
2
𝑖𝑣 −
√3
2
𝑖𝑤]     (2.19) 
Where iu, iv and iw, are the three-phase current and iα and iβ are two-phase current, K is the coefficient 
of transformation.  Fig. 2.8b shows that the rotating magnetic field ϕ can be generated through two-
phase AC currents iα and iβ. When the current of three-phase windings and the current of two-phase 
windings generate rotating magnetic field ϕ and speed ωe is equal, the three-phase windings are 
equivalent with two-phase windings. Using equation (2.17), (2.18) and (2.19), matrix 
transformation is shown in equation (2.20). 
w-axis 
v-axis 
u-axis 
β-axis 
α-axis 
Fig. 2.9 Transformation of uvw-axes to αβ-axes 
ωe  
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𝑢𝑣𝑤[𝐶]𝛼𝛽 = 𝐾 [
1 −
1
2
−
1
2
0
√3
2
−
√3
2
]    (2.20)  
 
Because matrix transformation is the absolute conversion, then   
𝑢𝑣𝑤[𝐶]𝛼𝛽 . 𝑢𝑣𝑤[𝐶]𝛼𝛽
𝑇 = 1     (2.21)  
 
Where 1 is a unity matrix and “T” represents the transpose. From equation (2.20) and (2.21), the 
value of K is  
𝐾 = √
2
3
       (2.22)  
 
Where K is the absolute conversion coefficient as shown in (2.22). 
From the above, the transformation matrix from the three-phase windings to two-phase windings 
is shown in equation (2.23) 
𝑢𝑣𝑤[𝐶]𝛼𝛽 = √
2
3
[
1 −
1
2
−
1
2
0
√3
2
−
√3
2
]    (2.23)  
 
Similarly, the matrix transformation from two-phase windings to three-phase windings CT is 
expressed in equation (2.24) 
 
𝑢𝑣𝑤[𝐶]𝛼𝛽
𝑇 = √
2
3
[
 
 
 
1 0
−
1
2
√3
2
−
1
2
−
√3
2 ]
 
 
 
     (2.24) 
 
 
2.2.2.2 Rotating coordinate transformation (park’s transformation) 
Park’s transformation uses a frame of reference on the rotor so that it is used to convert a fixed 
coordinate system into rotating coordinate system. Fig. 2.10a shows the relationship of the fixed 
αβ-axes with the rotating dq-axes. d-axis is direct axis and q-axis is quadrature axis. The angle, ϴr, 
is the angle between fixed αβ-axes and d-axis rotating that it is function of the angular frequency 
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ωe of the rotating dq-axes (dq frame rotation speed). Magnetic axis direct (d) of the rotor is 
perpendicular to quadrature magnetic axis (q) shown in Fig.2.10b. This is the axis fictitious rotating 
with the rotor. Torque is generated in q-axis but d-axis does not generate torque because the 
direction is same direction for the field magnetic flux. The relation between the transformation 
angle ϴr and a speed of ωe are expressed as 
 
 
𝜃𝑟 = ∫𝜔𝑒 𝑑𝑡 
𝜃𝑟 = 𝜔𝑒𝑡     (2.25)  
where ωe is constant.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
From Fig. 2.10a the relationship of iα, iβ, id and iq is  
𝑖𝑑 = 𝑖𝛼 𝑐𝑜𝑠 𝜔𝑒𝑡 + 𝑖𝛽 𝑠𝑖𝑛 𝜔𝑒𝑡    (2.26)  
  𝑖𝑞 = −𝑖𝛼 𝑠𝑖𝑛 𝜔𝑒𝑡 + 𝑖𝛽 𝑐𝑜𝑠 𝜔𝑒𝑡   (2.27)  
Equation (2.26) and (2.27) are changed to matrix form  
iq 
id 
iβ 
iα 
ωe 
ωe 
ϴr 
q-axis 
β-axis 
α-axis 
Fig.2.10 dq conversion 
a. Vector in dq coordinate system b. Fictitious dq-axes rotating with the rotor [27] 
u’ 
u 
v’ 
v 
w’ 
w 
 
=ωet 
d-axis 
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[
𝑖𝑑
𝑖𝑞
] = [
𝑐𝑜𝑠 𝜔𝑒𝑡 𝑠𝑖𝑛 𝜔𝑒𝑡
−𝑠𝑖𝑛 𝜔𝑒𝑡 𝑐𝑜𝑠 𝜔𝑒𝑡
] [
𝑖𝛼
𝑖𝛽
]    (2.28)  
 
[
𝑖𝑑
𝑖𝑞
] = 𝛼𝛽[𝐶]𝑑𝑞 [
𝑖𝛼
𝑖𝛽
]   , [
𝑣𝑑
𝑣𝑞
] = 𝛼𝛽[𝐶]𝑑𝑞 [
𝑣𝛼
𝑣𝛽
]     (2.29)  
 
From (2.28) and (2.29), the transformation matrix is shown in equation (2.30) 
 
𝛼𝛽[𝐶]𝑑𝑞 = [
𝑐𝑜𝑠 𝜔𝑒𝑡 𝑠𝑖𝑛 𝜔𝑒𝑡
−𝑠𝑖𝑛 𝜔𝑒𝑡 𝑐𝑜𝑠 𝜔𝑒𝑡
]    (2.30)  
 
Inverse Park transformation   𝛼𝛽[𝐶]𝑑𝑞
𝑇
   is shown in equation (2.31) 
 
𝛼𝛽[𝐶]𝑑𝑞
𝑇  = [
𝑐𝑜𝑠 𝜔𝑒𝑡 −𝑠𝑖𝑛 𝜔𝑒𝑡
𝑠𝑖𝑛 𝜔𝑒𝑡 𝑐𝑜𝑠 𝜔𝑒𝑡
]    (2.31)  
 
2.2.2.3 Transformation three-phase to two-phase  
Transformation from fixed three-phase uvw to two-phase rotating dq (uvw-to-dq transformation) 
directly can be done using Clarke transformation   𝑢𝑣𝑤[𝐶]𝛼𝛽   and Park transformation  𝛼𝛽[𝐶]𝑑𝑞          
that is expressed in equation (2.32).  
 
𝑢𝑣𝑤[𝐶]𝑑𝑞 = 𝛼𝛽[𝐶]𝑑𝑞  . 𝑢𝑣𝑤[𝐶]𝛼𝛽  
𝑢𝑣𝑤[𝐶]𝑑𝑞 = [
𝑐𝑜𝑠 𝜔𝑒𝑡 𝑠𝑖𝑛 𝜔𝑒𝑡
−𝑠𝑖𝑛 𝜔𝑒𝑡 𝑐𝑜𝑠 𝜔𝑒𝑡
] . √
2
3
[
1 −
1
2
−
1
2
0
√3
2
−
√3
2
]  (2.32)  
𝑢𝑣𝑤[𝐶]𝑑𝑞 = √
2
3
[
𝑐𝑜𝑠 𝜔𝑒𝑡 𝑐𝑜𝑠 (𝜔𝑒𝑡 −
2𝜋
3
) 𝑐𝑜𝑠 (𝜔𝑒𝑡 +
2𝜋
3
)
𝑠𝑖𝑛 𝜔𝑒𝑡 𝑠𝑖𝑛 (𝜔𝑒𝑡 −
2𝜋
3
) 𝑠𝑖𝑛 (𝜔𝑒𝑡 +
2𝜋
3
)
] (2.33)  
 
Transformation from dq to uvw is expressed in equation (2.34)  
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𝑑𝑞[𝐶]𝑢𝑣𝑤 = 𝑢𝑣𝑤[𝐶]𝑑𝑞
𝑇  = √
2
3
[
𝑐𝑜𝑠 𝜔𝑒𝑡 𝑠𝑖𝑛 𝜔𝑒𝑡
𝑐𝑜𝑠 (𝜔𝑒𝑡 −
2𝜋
3
) 𝑠𝑖𝑛 (𝜔𝑒𝑡 −
2𝜋
3
)
𝑐𝑜𝑠 (𝜔𝑒𝑡 +
2𝜋
3
) 𝑠𝑖𝑛 (𝜔𝑒𝑡 +
2𝜋
3
]  (2.34) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Transformation of three phase coordinate system uvw to two phase rotating coordinate system dq 
is expressed in equation (2.35).  This equation can be used for machine in rotating coodinate system. 
 
[
𝑑
𝑞
] = √
2
3
[
𝑐𝑜𝑠 𝜔𝑒𝑡 𝑐𝑜𝑠 (𝜔𝑒𝑡 −
2𝜋
3
) 𝑐𝑜𝑠 (𝜔𝑒𝑡 +
2𝜋
3
)
𝑠𝑖𝑛 𝜔𝑒𝑡 𝑠𝑖𝑛 (𝜔𝑒𝑡 −
2𝜋
3
) 𝑠𝑖𝑛 (𝜔𝑒𝑡 +
2𝜋
3
)
] [
𝑢
𝑣
𝑤
]  (2.35)  
 
2.3 PMSM speed control system 
Fig. 2.12 shows the speed control system block diagram. dq-axes are interfering with each other. 
q-axis is proportional to torque axis and equivalent to armature current DC motor. It is necessary 
to perform decoupling control. Voltage equation of PMSM is expressed in equation (2.36).  
 
 
 
ωet 
ωe 
u-axis 
α-axis 
v-axis w-axis 
β-axis 
d-axis 
q-axis 
vd 
vq 
Fig. 2.11 uvw to dq transformation vector 
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[
𝑣𝑑
𝑣𝑞
] = [
𝑅𝑎 + 𝑃𝐿𝑑 −𝜔𝑒𝐿𝑞
𝜔𝑒𝐿𝑑 𝑅𝑎 + 𝑃𝐿𝑞
] [
𝑖𝑑
𝑖𝑞
] + [
0
𝑒𝑞
]    (2.36)  
ωe, id, iq can be measured, and Ld, Lq are assumed to be known. 
[
𝑣′𝑑
𝑣′𝑞
] = [
𝑣𝑑 + 𝜔𝑒𝐿𝑞𝑖𝑞
𝑣𝑞 − 𝜔𝑒𝐿𝑑𝑖𝑑
] = [
𝑅𝑎 + 𝑃𝐿𝑑 0
0 𝑅𝑎 + 𝑃𝐿𝑞
] [
𝑖𝑑
𝑖𝑞
] + [
0
𝑒𝑞
]  (2.37)  
 
dq-axes independent can be controlled. In the particular, the output of controller is added with a 
correction term.  
[
𝑣′𝑑 ∗
𝑣′𝑞 ∗
] = [
𝑣𝑑 ∗ +𝜔𝑒𝐿𝑞𝑖𝑞
𝑣𝑞 ∗ −𝜔𝑒𝐿𝑑𝑖𝑑
]      (2.38)  
 
 
 
 
Fig. 2.12 Speed control system block diagram [26] 
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2.3.1 Block diagram of the PI-P speed control system 
Fig. 2.13 shows the block diagram of a PMSM speed control using PI-P control. PI-P control is 
one type of two-degrees-of-freedom control system. Two-degrees-of-freedom is a method to give 
both desired step response and disturbance rejection. PI-P control can give satisfactory performance 
for both step response and disturbance response. Stator current is decomposed into q-axis current 
iq and d-axis current id. q-axis current iq controls the torque of motor while d-axis current id is 
controlled to zero. Control of PMSM is more efficient because torque of PMSM is related to q-axis 
current iq and d-axis current id is forced to zero. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.3.2 Speed and position detection of PMSM 
The speed and position of PMSM can be detected using an incremental rotary encoder which is 
mounted on the rotor axis of PMSM. Fig. 2.14 shows the structure of optical rotary encoder. To 
determine speed and position of motor, the encoder has a disk that contains opaque section which 
are equally spaced slot. Because light receiving element detects the light from light emitting element, 
the encoder generates the rotating of equally spaced pulse which is measured in pulse per revolution 
and it is used to determine the position and speed of motor.  
 
vd’ 
- 
+ 
+ 
+ 
id* id 
KPid 
𝐾𝐼𝑖𝑑
𝑠
 
1
𝑅𝑎 + 𝑠𝐿𝑎
 
Fig. 2.13. Block diagram of PMSM 
speed control 
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2.3.3 PI control 
Comparison between reference and the measured output is performed by controller. Controller 
determines the deviation that produces control signal that decreases the deviation to zero or to a 
minimum value. One kind of controller is PI controller. PI controller is used in industrial controllers.  
PI controller calculates an error between reference and measured output. PI controller acts to 
minimize the error between reference and measured output to zero or to a minimum value. Fig.2.15 
shows the block diagram of PI controller. 
 
 
 
 
 
 
Where  
E(s) is error between reference and plant output. 
U(s) is output the controller 
KP is proportional gain 
Fig. 2.14 Optical rotary encoder [28] 
Light emitting element Light receiving element 
Kp 
𝐾𝐼
𝑠
 
U(s) E(s) 
Fig. 2.15 PI control Block Diagram 
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KI is integral gain 
The PI control action is defined by  
𝑢(𝑡) = 𝐾𝑃𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒(𝑡)𝑑𝑡
𝑡
0
    (2.39)  
The transfer function of the controller is  
𝑈(𝑠)
𝐸(𝑠)
= 𝐾𝑃 +
𝐾𝐼
𝑠
       (2.40) 
PI control can lead only one good response optimized. If the step response is optimized, the 
disturbance response is obtained to be poor response and if the disturbance response is optimized, 
the step response is found to be poor response and tend to overshoot. PI control cannot solve the 
problem for both step response and disturbance response in speed control system. 
 
 2.3.4 PI-P control 
PI-P control is the one kind of two-degrees-of-freedom (2DOF) control system and this is the 
feedback type of two-degrees-of-freedom control system because a feedback path is added from 
output y to controller output u [18]. Fig. 2.16 shows feedback type (FB-type) expression of the 
2DOF PI-P control system. 
 
 
 
 
 
 
 
 
 
r, e, u, d, and y are the reference, the error between reference and the plant output, the controller 
output, disturbance and the plant output respectively.  G(s) is the transfer function of the plant. C1(s) 
is serial compensator in form of PI controller and C2 is feedback compensator in form of P controller. 
𝐶1(𝑠) = 𝐾𝑃1 (1 +
𝐾𝑖
𝑠
)      (2.41) 
C1(s) 
C2 
G(s) 
r e u y 
d 
+ + 
- - 
+ 
+ 
Fig. 2.16 2DOF PI-P control system block diagram 
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𝐶2 = 𝐾𝑃2       (2.42)  
P controller is provided in the feedback loop to suppress the overshoot if disturbance is optimized, 
so that both step response and disturbance response can be optimized using 2DOF PI-P control 
system. There are step response and disturbance response in 2DOF PI-P control system. Step 
response is the transfer function from reference r to output y, when the closed loop response to the 
step input set-point (r = 1 and d = 0) is considered as shown in equation (2.43). 
𝑦
𝑟
=
𝐺(𝑠)𝐶1(𝑠)
1+(𝐶1(𝑠)+𝐶2)𝐺(𝑠)
      (2.43) 
Disturbance response is the transfer function from disturbance d to output y, when the closed loop 
to a step input disturbance (d =1 and r = 0) is considered as shown in equation (2.44). 
    
𝑦
𝑑
=
𝐺(𝑠)
1+(𝐶1(𝑠)+𝐶2)𝐺(𝑠)
      (2.44) 
 
2.4 SiC MOSFET inverter 
The inverter is an electronic device that is used to convert a DC input voltage to an AC output 
voltage. Variable AC output voltage can be obtained by varying the switching of the power 
electronics component which is accomplished by using pulse width modulation (PWM) control 
within inverter. DC voltage is converted to variable AC voltage output for PMSM through a PWM 
bridge inverter. A carrier wave comparison PWM method is used for PWM where the stator 
sinusoidal reference phase voltage is compared with a carrier wave. SiC MOSFET is used for 
switching component of inverter to control and conversion DC voltage to an AC voltage.  SiC 
(Silicon Carbide) is comprised of silicon (Si) and carbon (C). SiC MOSFETs are increasingly being 
used for inverters/converters for the high-frequency switching. Voltage source three-phase inverter 
using PWM is used for PMSM speed control. FPGA-based digital hardware control is used to 
produce high-frequency PWM for SiC MOSFET inverter that supplies variable AC voltage for 
PMSM speed control.  
 
2.4.1 Pulse width modulation 
Pulse width modulation (PWM) is the method to control the output voltage of voltage source 
inverter.  A carrier wave comparison PWM method is used for PWM where the stator sinusoidal 
reference phase voltage is compared with a carrier wave.  Counter and comparator circuits are used 
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to design PWM in the FPGA. The carrier wave is made using the carrier wave generating circuit as 
shown in Fig. 2.19.  A carrier wave is made by counting up/down counter and there are 2048 
up/down counters implemented in FPGA as shown in Fig. 2.17. A control period is synchronized  
every half cycle.  In this dissertation, frequency PWM is 100 kHz and control frequency is 200 kHz. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.17 Carrier wave 
5 μs 
Fig. 2.18 Time chart of carrier wave generating circuit 
Clk (410 MHz) 
+1024 
-1024 
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2.4.2 Three -phase SiC MOSFET Inverter 
SiC MOSFET provides the benefit of efficient power conversion  that current Si-based power 
semiconductors do not [14]. The inverter is designed by using SiC MOSFET for switching 
component and Schottky Barrier Diode (SBD) is connected in parallel with each SiC MOSFET to 
reduce the switching loss and specifically the reverse recovery loss [17]. SBD offers a number of 
advantages such as low turn on voltage, fast recovery time, and low junction capacitance. The 
inverter topology is shown in Fig.2.20 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.20 Description of operation of the inverter 
Fig. 2.19 Carrier wave generating circuit 
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Mode U Phase V Phase W Phase Vector 
Resultant 
0 S2 S4 S6 V0 
1 S1 S4 S6 V1 
2 S1 S3 S6 V2 
3 S2 S3 S6 V3 
4 S2 S3 S5 V4 
5 S2 S4 S5 V5 
6 S1 S4 S5 V6 
7 S1 S3 S5 V7 
 
There are 8 switching modes of inverter.  The synthesized voltage vector in each mode is shown 
in Fig. 2.21.  Each resultant vector has a phase difference of 2π/3 from each other. The inverter’s 
switching modes are shown in table 2.1. The load side of the same voltage by turning ON 
simultaneously the switching elements of the DC negative voltage side or the DC positive voltage 
side, V0 or V7 is zero voltage. The synthesis voltage vector of at this time is zero voltage vector. 
By using the zero voltage vector, it is possible to vary the output voltage of the magnitude and 
phase.  
  
 
Fig. 2.21 Voltage Vector 
Table 2.1 Switching modes of the inverter 
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2.5 Field programmable gate array 
Field programmable gate array (FPGA) is an integrated circuit composed of an array of 
programmable logic blocks called configurable logic block. FPGA contains a series of columns and 
rows of gates and rows of gates to be configured to perform combinational functions. Gate arrays 
are logic gates such as AND gate, OR gate, NOT gate, and XOR gate. Besides the logic gates, 
FPGA has memory elements such as FLIP-FLOP and COUNTER. 
FPGA consists of input/output block (I/O Block), configurable logic block (CLB) and 
interconnection. Input/output block is interface between the internal and external. CLB is used for 
user-specified logic functions. Interconnections transmit the signals among the blocks.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.22 shows architecture of FPGA where I/O block surrounds the logic block and FPGA 
consists of many logic blocks.  
VHDL is used for description language of FPGA. VHDL is very high speed integrated circuits 
hardware description language that is describing digital electronic system. VHDL is an initiative 
funded by United States Department of Defense in 1980.  VHDL code is composed at least three 
fundamental sections [30]: 
1. LIBRARY declarations: contains a list of all libraries to be used in the design. For example: 
ieee, std, work, etc. 
2. ENTITY: specifies the I/O pins of the circuit. 
Fig. 2.22 Architecture of FPGA [29] 
Logic Block 
I/O Block 
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3. ARCHITECTURE: contains the VHDL code proper, which describes how the circuit should 
behave (function). 
2.6 Conclusions 
 PMSM and PMSM speed control are described in this chapter that are used to prove the viability 
of the proposed method. Structure of PMSM, rotating magnetic field, mathematical model of 
PMSM are described to provide the explanation of the apparatus used in experiment. Vector control, 
coordinate transformation, clarke’s transformation, park’s transformation are given to explain the 
PMSM control systems. PMSM can be controlled like a DC motor using vector control which 
simplifies the PMSM speed control. PMSM speed control system is also described in this chapter 
to provide the explanation of decoupling control of PMSM speed control, PI control and PI-P speed 
control system. SiC MOSFET inverter, pulse width modulation and FPGA are also described to 
know the important components in supporting the experiment.   
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Chapter 3 
 
Controller Design Using Fictitious Reference Iterative Tuning for 
PMSM Speed Control   
 
 3.1 Fictitious reference iterative tuning (FRIT) 
Fictitious reference iterative tuning (FRIT) is the method to obtain desired controller parameters 
by evaluating a performance index that consists of the squared error between reference and 
experimental outputs. FRIT is used to obtain controller parameters using the input and output data 
from one-shot experimental data. The actual input/output data of plant is the best information of the 
dynamics of a plant, so high performance control system can be achieved using the desired 
controller parameters. Controller parameters are obtained by using experimental data directly and 
the output data follows the ideal response characteristics for both step response and disturbance 
response. In this dissertation, it is designed the controller for output response that follows the ideal 
response characteristics for both step response and disturbance response using fictitious reference 
iterative tuning (FRIT). The output response is the speed response of PMSM speed control for both 
step response and disturbance response. There are speed control loop and minor current loop in 
PMSM speed control and controller parameters designed by FRIT method focuses on speed control 
loop. 
To design the controller parameters using FRIT method in PMSM speed control for both step 
response and disturbance response, step reference model and disturbance reference model are used 
as a reference because it is designed the controller parameters where the speed response follows the 
ideal response characteristics for step response and disturbance response.  
In this chapter will explain the controller design using FRIT method in closed-loop control system 
with disturbance response and without disturbance response.  
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3.1.1 PI controller design using FRIT  
3.1.1.1 PI controller design using FRIT without disturbance response in closed-loop   
control system 
 
 
 
 
 
 
 
 
Consider that control system is shown as in Fig. 3.1, where G(z) is transfer function of plant 
modeled as a discrete-time and C(q,z) is transfer function of the controller in form a PI controller 
in a discrete-time where q is a parameter vector to be tuned in the controller. Also, r(k), u(k), e(k), 
and y(k) are reference signal, output of the controller, error between reference and plant output, and 
plant output, respectively. C(q,z) is the controller in the form of PI controller.  
            (3.1)  
            (3.2) 
            (3.3) 
 
Where z(C(q,s)) denotes z-transform that converts a continuous-time to a discrete-time of the 
controller, KP and KI are the proportional and integral gains respectively that are to be tuned. 
In the control system process, there are the errors between reference and plant output. PI 
controller calculates the errors and minimize the errors. To obtain the controller parameters, 
experimental data is better than the mathematical model of the plant [9]. The design of controller 
parameters using mathematical model of plant needs some definitions and lemmas [31]. However, 
it is not effective nor efficient to tune controller parameters because it takes several times and it 
needs some procedures to tune controller parameters. Experimental data gives the best dynamics 
information of the control system and this data can be used to obtain the controller parameters by 
𝐶(𝑞, 𝑧) = 𝑧(𝐶(𝑞, 𝑠)) 
C(q,z) G(z) 
r(k) e(k) u(k) y(k) 
+ 
- 
PI controller Plant 
Fig. 3.1 Closed-loop control system 
𝐶(𝑞, 𝑠) = 𝐾𝑃 +
𝐾𝐼
𝑠
 
𝑞 = [𝐾𝑃 𝐾𝐼]
𝑇 
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evaluating the performance index that consists of squared error between reference and experimental 
outputs.  
As described previously that FRIT method is a method to obtain the controller parameters based 
on input and output data that are obtained from a one-shot experiment of closed-loop control system.  
Initial controller parameters are used to perform an experiment to obtain input and output data. 
Performance index of FRIT focuses on output data, as shown in Fig.3.2, so FRIT method is easy to 
implement to tune controller parameters for PMSM speed control. FRIT method has a reference 
signal named fictitious reference signal ?̃?(𝑞, 𝑘) which is iteratively approaching the output data, as 
shown in Fig.3.3 (blue lines). Fictitious reference signal is formed using input data and output data. 
Fictitious reference signal is multiplied by ideal model of system M1(z) that becomes ideal response. 
Procedure of the process of FRIT method is described as follows: 
Step 1: Initialized controller parameters  
  KP0  and KI0  
Step 2: Perform one shot experimental data to get an input and an output data 
  u0(k) and y0(k) for k = 1,2,3,…N 
 
 
 
 
 
 
  
 
 Step 3: Determine reference model of the system for step response in a discrete-time 
   M1(z) = z(M1(s))       (3.4) 
    
            (3.5) 
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n = 1 for first order system n = 2 for second order system 
Fig. 3.2 Output data Fig. 3.3 Output data and fictitious reference signal 
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r(k) 
+ 
+ 
y0(k) 
+ 
- u0(k) 
 where M1(s) is reference model of the system for step response in a continuous-time and ω 
is natural frequency (rad/s). 
       Step 4: Determine fictitious reference iterative signal  
 
  From Fig. 3.1 fictitious reference signal is obtained using the equation (3.8) 
 
            (3.6) 
 
             (3.7) 
 
            (3.8) 
 
Ideal response is fictitious reference signal   ?̃?(𝑞, 𝑘)   multiplied with ideal model of system 
M1(z)  
 
 
 
 
 
 
 
From Fig.3.4, ideal response is        (3.9)  
            
The errors between ideal response and output data are used to obtain the optimal controller 
parameters and this is the principle of the FRIT where the error between output data and ideal data 
is given below 
             
            (3.10) 
 
Step 5: Calculate the error signal  
 
 
 
 
 
 
 
                
 
𝑟 ̃(𝑞, 𝑘) 
𝑢(𝑘) = 𝐶(𝑞, 𝑧)(𝑟(𝑘) − 𝑦(𝑘))  
𝐶(𝑞, 𝑧)−1𝑢(𝑘) = 𝑟(𝑘) − 𝑦(𝑘)  
?̃?(𝑞, 𝑘) = 𝐶(𝑞, 𝑧)−1𝑢0(𝑘) + 𝑦0(𝑘)  
 Closed loop system 
𝑒 ̃(𝑘)  
C(q,z)-1 M1 (z) 
M1(z) 
𝑦 ̃(𝑘) ?̃?(𝑞, 𝑘)  
Fig. 3.4 Ideal response 
𝑦 ̃(𝑘) = ?̃?(𝑞, 𝑘)𝑀1(𝑧) 
𝑒 ̃(𝑘) = 𝑦0 − 𝑦 ̃(𝑘) 
Fig. 3.5 FRIT Principle 
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From Fig. 3.5, the error signal               can be calculated using  
            (3.11) 
 
where M1(z) is a given reference model for step response in a discrete-time, as shown in equation 
(3.4)  
Step 6: Using the error signal (3.11), performance index is minimized using  
 
 
            (3.12) 
 
 
Particle swarm optimization (PSO) is used for FRIT optimization that is explained in the chapter 4. 
 
3.1.1.2 PI controller design using FRIT with disturbance response in closed-loop  
     control system 
Tuning of controller parameters using fictitious reference iterative tuning method without 
disturbance has been explained in section 3.1.1.1.In this section, tuning of controller parameters 
using fictitious reference iterative tuning with disturbance will be explained. In the control system, 
it is important to regulate the rejection of disturbance response. The optimal value of controller 
parameters can decrease a disturbance response. In FRIT method, there is a step reference model 
for step response as a reference for step response. Optimal controller parameter can be achieved if 
the step response follows the step reference model.  
In this section, disturbance reference model is designed as a reference for disturbance response. 
This dissertation proposes to design controller parameters that make both step response and 
disturbance response follow the ideal response characteristics. Ideal response is composed of step 
reference model and disturbance reference model.  
Consider that control system is shown as in Fig.3.6, where the system is subjected to the 
disturbance. There are step response and disturbance response. Step response is the responses of 
the controlled variable y(k) to the set-point variable r(k) and disturbance response is the responses 
of the controlled variable y(k) to the unit step disturbance d(k). G(z) is the transfer function of the 
plant modeled in a discrete-time and C(q,z) is the transfer function of the controller in a discrete-
time where q is a parameter vector to be tuned in the controller. 
𝑒 (𝑘)
?̃?(𝑘) = 𝑦0(𝑘) − 𝑀1(𝑧)?̃?(𝑞, 𝑘) 
𝐽(𝑞) = ∑ ?̃?(𝑘)2
𝑁
𝑘=1
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yd(k) 
- 
- 
+ + 
ydr(k) 
𝑒?̃?(𝑘) 
 
 
 
 
 
 
 
 
Also, r(k), u(k), e(k), d(k) and y(k) are reference signal, output of the controller, error between 
reference and plant output, disturbance and plant output, respectively. C(q,z) is the controller in the 
form of PI controller modeled in a discrete-time shown in equation (3.1). 
To obtain the fictitious reference signal, closed loop response on step input set point (r(k) = 1 
and d(k) = 0) is considered. By performing a one-shot experiment to obtain input/output data uo(k), 
yo(k),  k = 1,2,3,…,N, for an initial controller parameter q and a reference signal r(k), fictitious 
reference signal can be calculated using equation (3.8) [6].  
The error signal can be calculated using the equation (3.11) and the equation (3.4) is used for 
step reference model. 
 
3.1.1.3 Disturbance reference model for PI controller 
Disturbance reference model is designed in this section as a reference for disturbance response. 
To obtain the disturbance reference model M2(z), disturbance is applied to the system. Closed loop 
response on step input disturbance (d(k) = 1 and r(k) = 0) is considered. 
 
 
 
 
 
 
       
 
 
d(k) 
M2 (z) 
G(z) 
C(q,z) 
Fig. 3.7 Closed-loop disturbance system 
C(q,z) G(z) + 
- 
r(k) e(k) u(k) 
d(k) 
y(k) 
Fig.3.6 Closed-loop control system 
+ 
+ 
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Performance index is evaluated from reference r(k) to controlled output y(k) using error signal of 
equation (3.11). This equation is used to tune controller parameters using step response data which 
is evaluated by fictitious reference signal  ?̃?(𝑞, 𝑘) of equation (3.8).  Step response data is evaluated 
using fictitious reference signal  ?̃?(𝑞, 𝑘)  and step reference model M1(z). When disturbance is 
applied to the control system (r(k) = 0 and d(k) =1), disturbance position can be moved virtually to 
reference position using a virtual disturbance reference method, so that performance index can be 
evaluated for both step response data and disturbance data using fictitious reference signal  ?̃?(𝑞, 𝑘) 
and step reference model M1(z). The movement of position of disturbance to position of reference or 
a virtual disturbance reference method is explained in section 3.1.2.2.  
Fig. 3.7 shows the closed loop control system when the disturbance is given to the system. The 
disturbance reference model M2 (z) is given from the reference model Gr(z) which is the transfer 
function from reference r(k) to the output y(k) as is shown in Fig. 3.6. The transfer function of Gr(z) 
(r(k) =1 and d(k) = 0) can be calculated by   
             (3.13)  
             (3.14) 
 
Reference model Gr(z) is expressed as: 
            (3.15) 
 
The transfer function from disturbance d(k) to controlled output y(k) is shown in equation (3.17) 
where the closed loop response to a step input disturbance (d(k) = 1 and r(k) = 0) is considered. 
            (3.16) 
 
            (3.17) 
 
From Fig.3.7, the disturbance reference model is shown in equation (3.20) 
            (3.18) 
  
            (3.19)  𝑦𝑑𝑟(𝑘) = (
𝐺(𝑧)
1 + 𝐺(𝑧)𝐶(𝑞, 𝑧)
)𝑑(𝑘) 
𝑦(𝑘) = 𝐺(𝑧)(𝐶(𝑞, 𝑧)(𝑟(𝑘) − 𝑦(𝑘)) 
𝑦(𝑘)
𝑟(𝑘)
=
𝐺(𝑧)𝐶(𝑞, 𝑧)
1 + 𝐺(𝑧)𝐶(𝑞, 𝑧)
 
𝐺𝑟(z) =
𝐺(𝑧)𝐶(𝑞, 𝑧)
1 + 𝐺(𝑧)𝐶(𝑞, 𝑧)
 
𝑦(𝑘) = 𝐺(𝑧)(𝑑(𝑘) − 𝐶(𝑞, 𝑧)𝑦(𝑘)) 
𝑦(𝑘)
𝑑(𝑘)
=
𝐺(𝑧)
1 + 𝐺(𝑧)𝐶(𝑞, 𝑧)
 
𝑦𝑑𝑟(𝑘) = 𝑀2(𝑧)𝑑(𝑘) 
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             (3.20) 
 
 
where ydr is disturbance reference. 
The disturbance reference model M2(z) is same as the transfer function from disturbance d(k) to 
the controlled output y(k) in equation (3.17). From equation (3.15), (3.17) and (3.20), disturbance 
reference model M2(z) can be written by  
             (3.21) 
 
where C(q,z) is shown in equation (3.22)  
 
            (3.22) 
            (3.23) 
 
Using (3.21) and (3.23), the disturbance reference model M2 (z) is represented as 
            (3.24)  
            (3.25)  
            (3.26) 
 
where             
 
             (3.27) 
 
Because the steady state gain Gr(s) is one, it therefore follows that Gr(0) = 1 and 𝑻(𝟎) =
𝟏
𝑲𝑰
,  
thus T(s) is the general transfer function as follows [12 ] 
              
            (3.28) 
 
 
When the relative order of the controlled plant is l, the relative order of Gr(s) is l or higher order. 
Hence, it follows that the relative order of T(s) is l+1 or more higher [12]. 
Disturbance reference model M2 (s) in a continuous-time is given  
𝐶(𝑞, 𝑧) = 𝑧(𝐶(𝑞, 𝑠)) 
𝑀2(𝑧) =
𝐺𝑟(𝑧)
𝐶(𝑞, 𝑧)
 
𝐶(𝑞, 𝑠) =
𝐾𝑃𝑠 + 𝐾𝐼
𝑠
 
𝑇(𝑧) = 𝑧(𝑇(𝑠)) 
𝑇(𝑠) =
𝐺𝑟(𝑠)
𝐾𝑃𝑠 + 𝐾𝐼
 
𝑇(𝑠) =
1
𝐾𝐼
(
𝜔2
𝑙+1
(𝑠 + 𝜔2)𝑙+1
) 
𝑀2(𝑧) =
𝐺(𝑧)
1 + 𝐺(𝑧)𝐶(𝑞, 𝑧)
 
𝑀2(𝑧) = 𝑧(𝑀2(𝑠)) 
𝑀2(𝑠) = 𝑇(𝑠). 𝑠 
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            (3.29) 
 
  
where ω2 is natural frequency (rad/s) for disturbance reference model and l is relative order of the 
controlled plant.   
3.1.2 2DOF PI-P controller design using FRIT  
PI controller design using FRIT method has been explained in section 3.1.1 for both step response 
and disturbance response. Both step response and disturbance response can’t be optimized at once 
using PI controller. If disturbance response is optimized, the step response tends to have overshoot 
and poor response, and vice versa [18]. To overcome the weakness of PI controller, 2DOF PI-P 
control system is used to optimize both step response and disturbance response as shown in Fig.3.8, 
where the system is subjected to a disturbance. This is the feedback-type expression of the 2DOF 
PI-P control system [18].  A feedback path exists from y(k) to u(k). C1(q1,z) and C2(q2) are defined 
as the serial compensator in a discrete-time and the feedback compensator. There are also the step 
response and the disturbance response. The step response is the response of the controlled variable 
y(k) to the set-point variable r(k) and the disturbance response is the response of the controlled 
variable y(k) to the unit step disturbance d(k). G(z) is the transfer function of the plant modeled in 
a discrete-time. C1(q1,z) and C2(q2) are the transfer functions of the controller, where q1 and q2 are 
parameters vector to be tuned in the controller.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.8 Closed loop of FB type 2DOF PI-P control system 
 
 
- 
+ 
+ 
+ - 
+ 
d(k) 
y(k) u(k) e(k) r(k) 
C1(q1,z) G(z) 
C2 (q2) 
𝑀2(𝑠) =
1
𝐾𝐼
(
𝑠𝜔2
𝑙+1
(𝑠 + 𝜔2)𝑙+1
) 
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In addition, r(k), u(k), e(k), d(k) and y(k) are the reference signal, the controller output, the error 
between the reference and the plant output, the disturbance and the plant output, respectively. 
C1(q1,z) is the controller in the form of a PI controller and C2(q2) is the controller in the form of the 
P controller.  
            (3.30)  
            (3.31)  
         
            (3.32) 
           
            (3.33) 
           
            (3.34) 
           
            (3.35) 
 
where z(C1(q1,s)) denotes z-transform that converts a continuous-time to a discrete-time of 
controller parameter, KP1, KP2 and KI represent the proportional and integral gains that are to be 
tuned. In the PI controller, if disturbance response is optimized, the step response tends to have an 
overshoot. To suppress the overshoot, P controller is provided in the feedback loop.  
Fictitious reference signal can be obtained when the closed loop response to the step input set-
point (r(k) = 1 and d(k) = 0) is considered. A one-shot experiment is performed to obtain the 
input/output data u0(k), y0(k), where k = 1,2,3,…,N, for initial controller parameters q1 and q2 and 
the reference signal r(k), the fictitious reference signal can be expressed as: 
 
                                                                                  (3.36)    
 
            (3.37) 
             
            (3.38) 
             
?̃?(𝑞, 𝑘) = 𝐶1(𝑞1, 𝑧)
−1𝑢0(𝑘) + 𝐶1(𝑞1, 𝑧)
−1𝑦0(𝑘)𝐶2(𝑞2) + 𝑦0(𝑘) 
 
 
 
(3.39) 
𝑢0(𝑘) = 𝐶1(𝑞1, 𝑧)(𝑟(𝑘) − 𝑦0(𝑘)) − 𝑦0𝐶2(𝑞2)  
𝑢0(𝑘) + 𝑦0𝐶2(𝑞2) = 𝐶1(𝑞1, 𝑧)(𝑟(𝑘) − 𝑦0(𝑘))  
?̃?(𝑘) = 𝐶1(𝑞1, 𝑧)
−1𝑢0(𝑘) + 𝐶1(𝑞1, 𝑧)
−1𝑦0(𝑘)𝐶2(𝑞2) + 𝑦0(𝑘) 
 
𝐶1(𝑞1, 𝑠) = 𝐾𝑃1 {1 +
𝐾𝐼
𝑠
} 
  
𝐶2(𝑞2) = 𝐾𝑃2 
𝑞1 = [𝐾𝑃1 𝐾𝐼]
𝑇 
  
𝑞2 = [𝐾𝑃2]
𝑇  
𝐶1(𝑞1, 𝑧) = 𝑧(𝐶1(𝑞1, s)) 
  
𝑞 = [𝑞1 𝑞2] 
 
 
39 
 
+ 
+ + + 
+ - 
 
 
 
 
 
 
 
 
 
 
                                                             
 
Fig. 3.9 2DOF PI-P FRIT Principle 
 
After a one-shot experiment is performed in the closed-loop speed control of PMSM to obtain 
input data u0(k) and output data y0(k), then fictitious reference signal                  is formed, as shown 
in equation (3.39). The ideal response is obtained by multiplying fictitious reference signal 
with reference model M1(z), which is then the error signal                  can be calculated using      
            (3.40)   
  
where M1(z) is a step reference model for the step response in a discrete-time, as shown in equation 
(3.41), and 
            (3.41) 
 
            (3.42) 
 
 
where M1(s) is step reference model for the step response for the second order system in a 
continuous-time and ω1 is the natural frequency (rad/s).  
Using the error signal (3.40), the performance index is minimized using 
 
            (3.43) 
 
 
 
?̃?(𝑞, 𝑘) 
Closed-loop system 
y0(k) 
u0(k) r(k) 
?̃?(𝑘) ?̃?(𝑞, 𝑘) 
C1(q1,z)
-1 
M1(z)
 
C2(q2) 
𝑒 (𝑘) 
?̃?(𝑞, 𝑘)
?̃?(𝑘) = 𝑦0(𝑘) − 𝑀1(𝑧)?̃?(𝑞, 𝑘) 
𝑀1(𝑧) = 𝑧(𝑀1(𝑠)) 
𝑀1(𝑠) =
𝜔1
2
(𝑠 + 𝜔1)2
 
𝐽(𝑞) = ∑ ?̃?(𝑘)2
𝑁
𝑘=1
. 
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- 
+ 
ydr(k) 
- 
+ yd(k) 
d(k) 
𝑒?̃?(𝑘) 
3.1.2.1 Disturbance reference model  for 2DOF PI-P controller 
 
This dissertation purposes to obtain the optimal 2DOF PI-P controller parameters for PMSM 
speed control, where the speed response follows the ideal response for step response and 
disturbance response. Step reference has been designed for step response as shown in equation 
(3.41). In this section, disturbance reference is designed as a reference for disturbance response. 
To obtain the disturbance reference, a disturbance is applied to the system. The closed loop 
response to a step input disturbance (d(k) = 1 and r(k) = 0) is considered. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.10. 2DOF closed loop disturbance system 
 
Fig. 3.10 shows the closed loop control system when the disturbance is applied to the system. The 
disturbance reference model M2(z) is transfer function from disturbance d(k) to the controlled output 
y(k) and disturbance reference model M2(z) is derived based on the reference model Gr(z) which is 
the transfer function from reference r(k) to the output y(k) as shown in Fig. 3.8 and the transfer 
function of Gr(z) (r(k) = 1 and d(k) = 0) is calculated by 
            (3.44)  
 
            (3.45) 
The transfer function from reference r(k) to controlled output y(k) is presented as : 
 
            (3.46) 
C1(q1,z)+C2(q2) 
M2(z) 
G(z) 
𝑦(𝑘) = 𝐺(𝑧)(𝐶1(𝑞1, 𝑧)((𝑟(𝑘) − 𝑦(𝑘)) − 𝐶2(𝑞2)𝑦(𝑘)) 
𝑦(𝑘) = 𝐺(𝑧)(𝐶1(𝑞1, 𝑧)𝑟(𝑘) − (𝐶1(𝑞1, 𝑧) + 𝐶2(𝑞2))𝑦(𝑘)) 
𝑦(𝑘)
𝑟(𝑘)
=
𝐺(𝑧)𝐶1(𝑞1, 𝑧)
1 + (𝐶1(𝑞1, 𝑧) + 𝐶2(𝑞2))𝐺(𝑧)
 
 
 
41 
 
Reference model Gr(z) is shown in equation (3.47). 
 
            (3.47) 
 
The transfer function from disturbance d(k) to controlled output y(k) is shown in Equation (3.49) 
where the closed loop response to a step input disturbance (d(k) = 1 and r(k) = 0) is considered. 
            (3.48) 
 
            (3.49) 
 
From Fig. 3.10, the disturbance reference model is shown in equation (3.52) 
            (3.50) 
 
            (3.51) 
 
            (3.52) 
 
where ydr is disturbance reference.  
The disturbance reference model M2(z) (3.52) is same as the transfer function from disturbance 
d(k) to the controlled output y(k) (3.49). 
From equation (3.47) and (3.52), disturbance reference model M2(z) can be written by  
 
            (3.53) 
where C1 (q1,z) is shown in equation (3.54)  
            (3.54) 
 
            (3.55) 
 
Using (3.53) and (3.55), the disturbance reference model M2 (z) is represented as 
 
            (3.56) 
            (3.57) 
𝐺𝑟(𝑧) =
𝐺(𝑧)𝐶1(𝑞1, 𝑧)
1 + (𝐶1(𝑞1, 𝑧) + 𝐶2(𝑞2))𝐺(𝑧)
  
𝑦(𝑘) = 𝐺(𝑧)(𝑑(𝑘) − (𝐶1(𝑞1, 𝑧) + 𝐶2(𝑞2))𝑦(𝑘)) 
𝑦(𝑘)
𝑑(𝑘)
=
𝐺(𝑧)
1 + (𝐶1(𝑞1, 𝑧) + 𝐶2(𝑞2))𝐺(𝑧)
 
𝑦𝑑𝑟(𝑘) = 𝑀2(𝑧)𝑑(𝑘) 
𝑦𝑑𝑟(𝑘) = (
𝐺(𝑧)
1 + (𝐶1(𝑞1, 𝑧) + 𝐶2(𝑞2))𝐺(𝑧)
 )𝑑(𝑘) 
𝑀2(𝑧) =
𝐺(𝑧)
1 + (𝐶1(𝑞1, 𝑧) + 𝐶2(𝑞2))𝐺(𝑧)
 
𝑀2(𝑧) =
𝐺𝑟(𝑧)
𝐶1(𝑞1, 𝑧)
   
𝐶1(𝑞1, 𝑧) = 𝑧(𝐶1(𝑞1, 𝑠)). 
𝐶1(𝑞1, 𝑠) =
𝑠𝐾𝑃1 + 𝐾𝑃1𝐾𝐼
𝑠
 
𝑀2(𝑧) = 𝑧(𝑀2(𝑠))  
𝑀2(𝑠) = 𝑇(𝑠). 𝑠
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            (3.58) 
 
where 
  
            (3.59) 
 
Because the steady-state gain Gr(s) is one, it therefore follows that Gr(0) = 1 and T(0) =
1
𝐾𝑃1𝐾𝐼
, 
and thus T(s) is given as [12] 
 
            (3.60) 
 
 
The disturbance reference model M2 (s) in a continuous-time is given    
 
            (3.61) 
 
where l is the relative order of the controlled plant and 𝜔2 is the natural frequency (rad/s). 
.  
3.1.2.2 Analysis and design disturbance response 
Fictitious reference signal  ?̃?(𝑞, 𝑘)  is evaluated from reference r(k) to the controlled output y(k) 
and designed for step response without disturbance response.  There are two kinds of responses in 
the control system such as step response and disturbance response. Therefore, it is necessary to 
evaluate the step response and disturbance response at the same time.  
 
 
 
 
 
 
 
 
When disturbance is applied to the control system (d(k) = 1 and r(k) = 0), position of disturbance 
d(k) =1   
+   
𝑇(𝑧) = 𝑧(𝑇(𝑠))
  
𝑇(𝑠) =
𝐺𝑟(𝑠)
(𝐾𝑃1𝑠 + 𝐾𝑃1𝐾𝐼)
. 
𝑇(𝑠) =
1
𝐾𝑃1𝐾𝐼
𝜔2
𝑙+1
(𝑠 + 𝜔2)𝑙+1
 . 
𝑀2(𝑠) =
1
𝐾𝑃1𝐾𝐼
𝑠𝜔2
𝑙+1
(𝑠 + 𝜔2)𝑙+1
, 
r(k)’  
-   
+   
-   
r(k) = 0  
+   
y(k)   
1/C1(q1,z)  
C1(q1,z) G(z) 
C2(q2) 
d(k) =1   
 Fig.3.11 Closed-loop of FB-type 2DOF PI-P control system. 
+   
+   
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can be moved virtually to reference position using equation (3.47), (3.49), (3.52) and (3.53), as 
shown in Fig. 3.11. 
  
             (3.62) 
 
             (3.63) 
  
            (3.64) 
 
 
where 𝑟(𝑘)′  is reference for disturbance when disturbance is applied to the control system and 
moved to the reference position. This is a virtual disturbance reference method. M1(z) is the closed-
loop transfer function of the system from reference to the output. From Fig. 3.11, transfer function 
from reference to controlled output when disturbance is moved to the reference is given in equation 
(3.67). 
 
            (3.65) 
 
            (3.66) 
 
            (3.67) 
 
This equation is same as the equation (3.49) and equation (3.52).  
Fictitious reference signal is presented as follows 
            (3.68) 
 
where 
 
            (3.69) 
 
𝑦(𝑘)
𝑑(𝑘)
=
𝐺(𝑧)
(1 + (𝐶1(𝑞1, 𝑧) + 𝐶2(𝑞2))𝐺(𝑧))
 
𝑦(𝑘) = 𝐺(𝑧)(𝐶1(𝑞1, 𝑧)(
𝑑(𝑘)
𝐶1(𝑞1, 𝑧)
) − (𝐶1(𝑞1, 𝑧) + 𝐶2(𝑞2))𝑦(𝑘)) 
𝑦(𝑘)
𝑑(𝑘)
=
𝐺𝑟(𝑧)
𝐶1(𝑞1, 𝑧)
= 𝑀2(𝑧) 
𝑀1(𝑧)
𝐶1(𝑞1, 𝑧)
=
𝐺𝑟(𝑧)
𝐶1(𝑞1, 𝑧)
= 𝑀2(𝑧) 
𝑟(𝑘)′ =
𝑑(𝑘)
𝐶1(𝑞1, 𝑧)
 
𝑦(𝑘) = 𝐺(𝑧)(𝑑(𝑘) − (𝐶1(𝑞1, 𝑧) + 𝐶2(𝑞2))𝑦(𝑘)) 
𝐶1(𝑞1, 𝑧)
−1?̃?(𝑞, 𝑘) = 𝐶1(𝑞1, 𝑧)
−1𝑢0(𝑘) + 𝐶1(𝑞1, 𝑧)
−1𝑦0(𝑘)𝐶2(𝑞2) +  𝑦0(𝑘). 
?̃?(𝑞, 𝑘) = 𝑢0(𝑘) + (𝐶1(𝑞1, 𝑧) + 𝐶2(𝑞2)) 𝑦0(𝑘). 
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Controller parameter can be designed for step response and disturbance response from reference 
r(k) to controlled output y(k) at the same time, as shown in below 
Step response  :    M1(z)     (3.70) 
         
 
Disturbance Response :        (3.71) 
        
 
where r(k) is reference for step response, M1(z) is step reference model, r(k)
’ is reference for 
disturbance when position of disturbance is moved virtually to reference position and M2(z) is 
disturbance reference model.  
2DOF PI-P controller can be designed at the same time for set-point and load-disturbance where 
disturbance moves virtually to the reference when disturbance is applied to the control system and 
controller parameters are not designed separately.   
There are two responses in the control system such as step response and disturbance response.  PI-
P controller is designed using FRIT method for both step response and disturbance response as 
shown in Fig. 3.12.  Previously researchers, controller is designed using FRIT method for both step 
response and disturbance response separately. Performance index is evaluated for only step response, 
as shown in Fig. 3.13 or for only disturbance response, as shown in Fig.3.14. 
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𝑀1(𝑧)
𝐶1(𝑞1, 𝑧)
 
r(k) 
Disturbance response 
 Fig.3.12 Output data y0(k) with step response and disturbance response 
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For step response: t1 < t < t2, the error signal ?̃?(𝑘) is calculated using: 
?̃?(𝒌) = 𝒚𝟎(𝒌) − 𝑴𝟏(𝒛)?̃?(𝒒, 𝒌)    (3.72)  
where y0(k) is output using step response data, M1(z) is step reference model and ?̃?(𝒒, 𝒌) is fictitious 
reference signal for step response. Controller is included in fictitious reference signal ?̃?(𝒒, 𝒌) 
The performance index is minimized using: 
 
            (3.73) 
 
where k is data for k = 1,2,3,…N. 
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 Fig.3.13 Step response data and reference  𝑀1(𝑧)?̃?(𝑞, 𝑘) 
Step response 
data y0(k) 
 𝑀1(𝑧)?̃?(𝑞, 𝑘) 
Disturbance 
response data 
y0(k)  
 𝑀2(𝑧)?̃?(𝑞, 𝑘) 
 
 Fig.3.14 Disturbance response data and reference   𝑀2(𝑧)?̃?(𝑞, 𝑘) 
t2 
𝐽(𝑞) = ∑(𝑦0(𝑘) − 𝑀1(𝑧)?̃?(𝑞, 𝑘))
2
𝑁
𝑘=1
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Controller is calculated when performance index is minimized, because controller is included in 
the fictitious reference signal ?̃?(𝒒, 𝒌) and reference moves closer to output in each iterations.  
For disturbance response: t2 < t < t3, the error signal ?̃?(𝑘) is calculated using: 
?̃?𝑑(𝑘) = 𝑦0(𝑘) − 𝑀2(𝑧)?̃?(𝑞, 𝑘)    (3.74) 
where y0(k) is output data using disturbance response data, M2(z) is disturbance reference model 
and ?̃?(𝑞, 𝑘) is fictitious disturbance signal. Fictitious disturbance signal ?̃?(𝑞, 𝑘) has not yet been 
designed, where fictitious disturbance signal is designed from disturbance to output.  
The performance index is minimized using  
 
            (3.75) 
             
Performance index is minimized for step response and disturbance response separately and 
controller is designed separately too. Desired controller parameters can’t be obtained if the 
performance index for both step response and disturbance response are minimized separately and so 
it is not effective nor efficient of tuning PI-P controller, if performance index is minimized for both 
step response and disturbance separately. It takes several times of tuning the controller parameters. 
To overcome this problem, a virtual disturbance reference method is used where the position of 
disturbance is moved virtually to reference position, so that performance index is minimized at the 
same time. Fictitious reference signal ?̃?(𝑞, 𝑘 ) has been designed to obtain the desired controller 
parameters for step response which is the response from output y(k) to reference r(k).  Fictitious 
reference signal ?̃?(𝑞, 𝑘 ) can be used to obtain the desired controller parameters for both step 
response and disturbance response using a virtual disturbance reference method even though 
disturbance response is the response from output y(k) to disturbance d(k). Fictitious disturbance 
signal ?̃?(𝑞, 𝑘) does not need to be designed to obtain the desired controller parameters, because 
disturbance position has been moved virtually to reference position so that fictitious reference signal 
?̃?(𝑞, 𝑘 ) is only needed to obtain the desired controller parameters for both step response and 
disturbance response. PI-P controller parameters are designed for both step response and 
disturbance response at the same time using fictitious reference signal ?̃?(𝑞, 𝑘) because both step 
response and disturbance response are evaluated from reference to output using virtual disturbance 
reference method.  
𝐽(𝑞) = ∑(𝑦0(𝑘) − 𝑀2(𝑧)?̃?(𝑞, 𝑘))
2
𝑁
𝑘=1
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To obtain the desired controller parameters which are designed at the same time, the initial output 
data y0(k) composed of step response data and disturbance data is combined and reference model 
data M(k) (red lines) for step reference model M1(k) and disturbance model M2(k) are formed 
following the initial output data y0(k), as shown in Fig. 3.16. There are errors between reference 
model data M(k) and initial output data y0(k) and these errors are minimized using FRIT method.  
The tuning method for the proposed FRIT in the 2DOF PI-P controller is summarized as follows: 
1. Perform an experiment to obtain the initial input and output data (u0(k), y0(k)) in the 2DOF 
PI-P control system with the initial PI-P gain parameters. 
2. Form reference model data M(k) for the step reference model M1(k) and the disturbance 
model M2(k) as shown in Fig.3.16. 
           (3.76)  
 
3.  Minimize the errors between the reference M(k) and the initial output y0(k) using (3.43). Use 
PSO for FRIT optimization.  
The errors between the reference M(k) and the initial output y0(k) are minimized using (3.43), 
where the errors between the reference M(k) and y0(k) are 
 
 𝑒𝑀?̃?(𝑘) = 𝑀(𝑘) − 𝑦0(𝑘)     (3.77) 
 
The initial output data y0(k) is composed of the step response and disturbance response data. From 
the equation (3.40), it is assumed that 
 
     𝑦0(𝑘) = 𝑀1(𝑧)?̃?(𝑞, 𝑘)     (3.78) 
 
The errors between the reference M(k) and y0(k) are thus 
 
𝑒𝑀?̃?(𝑘) = 𝑀(𝑘) − 𝑀1(𝑧)?̃?(𝑞, 𝑘)     (3.79) 
To obtain the desired parameters for the step response and disturbance response, the performance 
index is minimized using 
        (3.80) 
 
𝑀(𝑘) = {
𝑀1(𝑘) :  𝑡1 < 𝑡 < 𝑡2
𝑀2(𝑘) :  𝑡2 < 𝑡 < 𝑡3
 
𝐽(𝑞) = ∑(𝑒𝑀?̃?(𝑘))
2
𝑁
𝑘=1
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             (3.81) 
 
Reference model data M(k) is composed of step reference model data M1(k) and disturbance 
reference model data M2(k), while fictitious reference signal ?̃?(𝑞, 𝑘) is formed from reference to 
output. Virtual disturbance reference method is used to minimize the performance index where 
disturbance position is moved virtually to reference position, so that controller can be calculated in 
each iteration from reference to output for both step response and disturbance response at the same 
time and controller is not designed separately. 
 
 
 
 
 
 
 
 
 
 
 
The desired controller parameters can be obtained by evaluating the performance index that 
consist of squared error between reference and experimental output. The desired controller 
parameters can’t be obtained only using step reference model data M1(k) as shown in Fig.3.15, so 
that disturbance reference model data M2(k) is used as addition to step reference model data in FRIT 
method as shown in Fig. 3.16. The desired controller parameters can be obtained by minimizing the 
error between reference data M(k) and output data y0(k) which is composed of step response data 
and disturbance response data. 
Performance index used the error signal in equation (3.40) is evaluated for only using step 
response data. It can’t be used for output data which is composed of step response data and 
disturbance data, so that the equation (3.81) is used to evaluate performance index for obtaining the 
desired controller parameters.  
t1 t3 t2 
M1(k) 
M2(k) 
M1(k) 
Output data y0(k) 
= ∑(𝑀(𝑘) − 𝑀1(𝑧)?̃?(𝑞, 𝑘))
2
𝑁
𝑘=1
 
Fig. 3.15 Output data and step reference              
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Fig.3.16 Output data and reference data 
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Reference model data M(k) is composed of step reference data M1(k) and disturbance reference 
data M2(k). For step reference data M1(k), performance index is evaluated from reference r(k) to 
controlled output y(k) using step reference model M1(z) and fictitious reference signal ?̃?(𝑞, 𝑘). For 
disturbance data M2(k), disturbance moves virtually to reference using 𝑟(𝑘)′ =
𝑑(𝑘)
𝐶1(𝑞1,𝑧)
 , so 
performance index is evaluated from reference 𝑟(𝑘)′ to controlled output y(k) using step reference 
model 
𝑀1(𝑧)
𝐶1(𝑞1,𝑧)
  and fictitious reference signal ?̃?(𝑞, 𝑘) , where 
𝑀1(𝑧)
𝐶1(𝑞1,𝑧)
 is disturbance reference model 
M2(z). Both step response data and disturbance response data can be evaluated using fictitious 
reference signal ?̃?(𝑞, 𝑘) and step reference model M1(z). 
Performance index is minimized for both step response data and disturbance response data at the 
same time, so that desired controller parameters can be obtained for step response and disturbance 
response following the step reference model and disturbance reference model.  
 
3.2 Conclusions 
Controller design using FRIT method for PMSM speed control has been described in this chapter. 
There are six steps the processes of FRIT method as a basic to know the use of FRIT method to 
obtain the desired controller parameters for step response. These processes can be used as a basic 
to obtain the desired controller parameters for step response and disturbance response. PI controller 
and 2DOF PI-P controller are designed using FRIT method with step response and disturbance 
response following step reference model and disturbance reference model. The proposed method 
can be used to design controller parameters for PI controller and 2DOF PI-P controller. Disturbance 
reference model is described as a reference for disturbance response of PI controller and 2DOF PI-
P controller. The position of disturbance can be moved virtually to reference position using 
disturbance reference model so that PI controller and 2DOF PI-P controller are designed using FRIT 
method for both step response and disturbance response at the same time. This is a virtual 
disturbance reference method.  
There are three steps the tuning method for the proposed FRIT in the 2DOF PI-P controller for 
both step response and disturbance response. A virtual disturbance reference method is applied in 
the tuning method so that the 2DOF PI-P controller can be designed for both step response and 
disturbance response at the same time by moving virtually the disturbance position to reference 
position. Fictitious reference signal is only used to obtain the desired controller parameters for both 
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step response and disturbance response. The initial output data composed of step response data and 
disturbance response data are combined and reference model data is formed following step response 
data and disturbance data, and the error between reference model data and initial output data is 
minimized to obtain the desired controller parameters. 
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Chapter 4 
 
Design 2DOF PI-P Controller Using Fictitious Reference Iterative 
Tuning- Particle Swarm Optimization (PSO) Method 
 
4.1 Particle swarm optimization  
 
Particle swarm optimization is an optimization method that is based on swarm intelligence, i.e., 
the type of flock movement behavior that birds and fish use to find the best paths to their food. The 
flock of birds and the school of fish are considered as particles that are assumed to have two 
characteristics: position and velocity [32].  
Particle swarm optimization was developed by Kennedy and Eberhart in 1995. Kennedy and 
Eberhart proposed the computation technique based on the social behavior of swarm of ants, fish, 
and birds to find the location of food. The individual of swarms called particle will share the 
information the location of food. Sharing information is one of the intelligence or the knowledge 
of the particle. The knowledge of the particle is also the swarm knowledge and intelligence.  Each 
individual or particle in a swarm behaves in a distributed using its own intelligence and the 
collective or group intelligence of the swarm. As such, if one particle discovers a good path to food, 
the rest of the swarm will also be able to follow the good path instantly even if their location is far 
away in the swarm [32].  
As an example, consider the behavior of birds in a flock, although each bird has a limited 
intelligence by itself, it follows the following simple rules [32]:  
1. It tries not to come too close to other birds. 
2. It steers toward the average direction of other birds. 
3. It tries to fit the “average position” between other birds with no wide gaps in the flock. 
The PSO is developed based on the following model [32]: 
1. When one bird locates a target of food (or maximum of the objective function), it 
instantaneously transmits the information to all other birds. 
2. All other birds gravitate to the target of food (or maximum of the objective function), but not 
directly. 
3. There is a component of each bird’s own independent thinking as well as its past memory. 
The behavior of the swarm to find the best path to their food can be used to solve the optimization 
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problem. It can be simulated using the computer software and design the algorithm to solve the 
optimization problems.    
In every iteration, there are two best values updated to each particle. They are Pbest and Gbest. 
Pbest is the best position of particle achieved so far Gbest is the best value obtained so far by any 
particle in the population.  
 
4.2 Algorithm of design of 2DOF PI-P controller using fictitious reference 
iterative tuning - particle swarm optimization method (FRIT-PSO Method) 
This section explains the algorithm of FRIT-PSO method for tuning 2DOF PI-P controller.   
Chapter three has explained the virtual disturbance method where the position of disturbance can be 
moved virtually the reference position, so that performance index in equation (3.81) is minimized to 
obtain the controller parameter using FRIT method. Fictitious reference signal ?̃?(𝑞, 𝑘) is used to 
evaluate PI-P controller parameter from reference to output for both step response and disturbance 
response. 
Particle swarm optimization method is used to optimize the performance index in equation (3.81) 
[7] and the Scilab program is used to program FRIT. Scilab is an open source software for scientific 
computation that includes hundred general purpose and specialized functions like Matlab [33]. The 
initial input u0(k) and output data y0(k) are taken from one-shot experimental data with the initial PI-
P gain parameters q0 = [KP1  KP2  KI]
T. Because the PSO algorithm is used for FRIT optimization, 
the data are treated as numbers of particles n, where each particle consists of PI-P gains organized 
in a matrix. Each particle is updated using personal best (Pbest) and global best (Gbest) values in 
each iteration. Pbest is the best position achieved by a particle to date and Gbest is the best position 
achieved by any particle. The velocity and position of the particle are updated after the values of 
Pbest and Gbest have also been updated. Fig. 4.1 shows the flowchart of the PSO algorithm for FRIT 
optimization. 
Algorithm of FRIT using PSO method is described below. There are three steps of algorithm of 
fictitious reference iterative tuning using particle swarm optimization such as input, process and 
output. 
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Step 1: Input 
- A one-shot experiment is performed to obtain input u0(k) and y0(k) using initial PI-P 
controller parameters  q0 =[ KP1  KI  KP2 ], where u0(k) is plant input current iq
* data and 
y0(k) is speed data that is composed of step response and disturbance data. Reference 
model data M(k) is formed following the speed data. Reference model data M(k) is 
composed of step reference model data M1(k) and disturbance reference model data 
M2(k).  
- Determine the minimum value and maximum value of speed and position of the particle. 
- Input number of iterations 
- Set matrix position, velocity, Pbest and Gbest. 
 
Step 2: Process 
 For each particle k = 1,2,3,…N in the ith iteration,  
- The PI-P controller is calculated using 
C1(q1k(i),z) = z(C1(q1k(i),s))       (4.1) 
(4.2) 
            (4.3) 
           
- Fictitious reference signal is calculated using 
 
(4.4) 
 
- Set step reference model  
    
 
 
 
M1(z) = z(M1(s)) 
 
- The errors between the reference M(k) and y0(k) are calculated using 
 
             (4.7) 
 
- The performance index is minimized using 
 
 
𝐶1(𝑞1𝑘(𝑖), 𝑠) = 𝐾𝑃1𝑘(𝑖) {1 +
𝐾𝐼𝑘(𝑖)
𝑠
} 
 
?̃?(𝑞𝑘(𝑖), 𝑘) = 𝐶1(𝑞1𝑘(𝑖), 𝑧)
−1𝑢0(𝑘) +  𝐶1(𝑞1𝑘(𝑖), 𝑧)
−1𝑦0(𝑘)𝐶2(𝑞2𝑘(𝑖)) + 𝑦0(𝑘)   
 
𝑒𝑀𝑦 ?̃?(𝑖) = 𝑀𝑘(𝑖) − 𝑀1(𝑧)?̃?(𝑞𝑘(𝑖), 𝑘) 
 
𝑀1(s) =
𝜔2
(𝑠 + 𝜔)2
 , 
(4.5) 
(4.6) 
𝐶2(𝑞2𝑘(𝑖)) = 𝐾𝑃2𝑘(𝑖) 
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             (4.8) 
 
- Pbest and Gbest are updated using 
 
(4.9) 
 
 
             (4.10) 
 
   where qkp(i) and qG(i) are the personal best Pbest and the global best Gbest. 
 
- The velocity is updated using  
 
             (4.11) 
     
 
where r1(i) and r2(i) are random function in the range between 0 and 1 generated by computer, c1 
and c2 are the learning rates and usually is assumed to be 2, and w is the inertia weight. Inertia weight 
w is determined using  
w(i) = 𝑤𝑚𝑎𝑥 − (
𝑤𝑚𝑎𝑥−𝑤𝑚𝑖𝑛
𝑖𝑚𝑎𝑥 .𝑖
)       (4.12) 
 
wmax and wmin are initial and final values of inertia weight where wmax is 0.9 and wmin is 0.4, imax is 
maximum number of iteration, and i is the current iteration. 
 
- The position is updated using  
 
 
                      (4.13) 
 
 
                                     (4.14) 
 
                                 (4.15) 
where  
𝑞𝑘(𝑖 + 1) = Update particle position (m)  
𝑞𝑘(𝑖)         = Present particle position (m) 
𝑣𝑘(𝑖 + 1) = Update particle velocity (m)  
∆𝑇            = A time step assumed 1 (s) 
 
 
𝑞𝐺(𝑖) = arg (min 𝑞𝑘𝑝(𝑖)), 
 
 
qkp(i)) 
𝐽(𝑞𝑘(𝑖)) = ∑(𝑀𝑘(𝑖) − 𝑀1(𝑧)?̃?(𝑞𝑘(𝑖), 𝑘))
2
𝑁
𝑘=1
 
 
𝑞𝑘𝑝(𝑖) = arg (min 𝐽(𝑞𝑘(𝑖)) 
 
qk(i) 
𝑣𝑘(i + 1) = w(i)𝑣𝑘(i) + 𝑐1𝑟1(𝑖) (𝑞𝑘𝑝(𝑖) − 𝑞𝑘(𝑖)) + 𝑐2𝑟2(𝑖)(𝑞𝐺(𝑖) −  𝑞𝑘(𝑖)) 
 
𝑞𝑘(𝑖 + 1) − 𝑞𝑘(𝑖)
∆𝑇
= 𝑣𝑘(𝑖 + 1), 
𝑞𝑘(𝑖 + 1) − 𝑞𝑘(𝑖) = 𝑣𝑘(𝑖 + 1). ∆𝑇 
 
𝑞𝑘(𝑖 + 1) = 𝑞𝑘(𝑖) + 𝑣𝑘(𝑖 + 1) 
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Flowchart of FRIT Optimization is shown below  
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No 
End 
Giving Optimal PI-P gain 
parameters 
Maximum iteration 
number reached? 
Update velocity and position 
Update Pbest and Gbest 
Minimize the performance index 
Calculate the error between 
reference M(k) and y0(k) 
Calculate fictitious reference signal 
Calculate PI-P controller 
Set matrix KP1, KI and KP2 
Set matrix position, velocity, 
Gbest and Pbest 
Input number of 
iterations  
Determine the maximum 
speed and position 
Input data u0(k), y0(k) and 
M(k) 
Start 
Fig. 4.1. Flowchart of PSO algorithm for 
FRIT optimization.  
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Step 3: Output 
The optimal PI-P gain parameters are then obtained from the equation (4.15) 
Stopping iteration condition: the maximum number of iterations  
The maximum number of iterations is the input of the number iterations  
 
4.3 Conclusions 
Design of 2DOF PI-P controller using FRIT-PSO method has been described in this chapter. There 
are three steps of algorithm the tuning method for the proposed FRIT in the 2DOF PI-P controller 
for both step response and disturbance response. Algorithm of design of 2DOF PI-P controller using 
FRIT-PSO method is given to optimize the performance index for obtaining the controller 
parameters. Flowchart of PSO algorithm for FRIT optimization is also provided to represent of a 
program logic sequence for minimizing the performance index to obtain the desired controller 
parameters. The maximum number of iterations is considered to end the loop and to stop the 
iterations.  
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Chapter 5  
 
Experimental and Results 
 
5.1 Experimental set-up 
The experiments are performed using the proposed experimental system, as shown in Fig. 5.1 and 
the PMSMs used for the motor control and the load in the experiment are connected via the coupling, 
as shown in Fig. 5.2. The encoder is mounted on the rotor axis of the PMSM.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.1 Experimental Apparatus 
 
 
 
 
 
 
 
 
Fig.5.2 Permanent Magnet Synchronous Motor 
 
Motor Load  
 
 
Motor Control 
 
 
Coupling  
 
 
Encoder 
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Table 5.1 Motor Control Specifications 
Model  SGMAS04A  
Manufacturing  YASKAWA  
Item Symbol Unit Value 
Power PR W 400 
Speed NR min
-1 3000 
Torque TR N.m 1.27 
Inertia JM Kg.m
2 0.19 X 10-4 
Current IR A 2.6 
Torque Constant Kt N.m/A (rms) 0.527 
Armature Resistance Ra Ω 1.56 
Armature Inductance La mH 3.82 
 
Table 5.2 Motor Load Specifications 
Model  UGRMEM-04MA20B  
Manufacturing  YASKAWA  
Item Symbol Unit Value 
Inertia JM Kg.m
2 1.259 X 10-3 
Torque Constant Kt N.m/A (rms)
 0.119 
Armature Resistance Ra Ω 1.916 
Armature Inductance La mH 2.3
 
 
The specification of motor control and motor load is shown in table 5.1 and table 5.2. 
5.1.1 Interface 
 
 
 
 
 
 
 
 
 
 
Fig. 5.3 Interface 
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Fig. 5.3 shows the interface to FPGA where level shift is used for converting voltage from 5 Volt 
to 3.3 Volt.  ADC is used to convert analog signal to digital signal from current sensor and DAC is 
used to convert digital signal to analog signal. Signal output from DAC is sent to HIOKI 8855 
Memory HiCorder for storing data.  
5.1.2 SiC MOSFET inverter 
Fig. 5.4 shows SiC MOSFET Inverter used in the experiment and specification of the inverter is 
shown in table 5.3. 
 
 
 
 
 
 
 
 
 
 
Fig. 5.4 SiC MOSFTER Inverter 
 
 
Table 5.3 SiC MOSFET Inverter Specifications 
Item  Specification 
Model  MWINV-1044-SiC 
 Rated voltage 700 Volt 
DC Input Rated current 15.1 A 
 Voltage range 0-800 Volt 
 Rated power 10 kVA 
AC Output Rated voltage 400 Vrms 
 Rated current 14.5 Arms 
 
 
Fig. 5.4 SiC MOSFET Inverter 
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5.2 PMSM speed control system description 
 
                                                                                            
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The proposed hardware control system for PMSM speed control using the FPGA is shown in Fig. 
5.5. The XILINX ARTIX-7 (XC7A100T) is used to control the speed of the PMSM.  
Vector control is the PMSM control method used for variable speed control systems. The control 
blocks, which include the PI-P controller as a speed controller and two PI controllers required for 
current controller, dq and inverse dq coordinate transformations, receive the speed commands. 
Then, a PWM pulse generator is produced for inverter switching. The speed controller is the 2DOF 
PI-P controller. An incremental pulse encoder mounted on the rotor axis of the PMSM generates a 
series of pulses to detect and to calculate the rotor position and the motor angular speed ωm. Current 
sensors measure the phase currents and a 12-bit analog-to-digital (AD) converter converts these 
phase currents into digital values.  
Fig. 5.6 shows the hardware the system of a PI-P speed controller which consists of digital circuits 
such as a shift register, latch, subtractor, an adder and multiplier. A shift register is used for the 
transfer data and the storage data of the input data in form of binary numbers. Latch is used to store 
one bit of data or latch can be used as a storage element. Subtractor is used to perform subtraction 
of two bits and adder is used to perform addition of two bits. Multiplier is used to multiply two 
binary numbers.  
Shift register provides timing for calculation of PI-P controller in the PI-P controller circuit. Speed 
commands and measured speed are subtracted by a subtractor for the first time. The error between 
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speed command and measured speed is latched in each control cycle by the calculation timing of 
shift register. The error is multiplied by gain controller KP and KI using multiplier at the next timing. 
Accumulator is used to perform an integration operation of integral controller KI then is added by 
proportional KP using the adder. The addition of proportional and integral is subtracted by second 
proportional KP2 using subtractor and the result is latched at the next timing. The output of PI-P 
controller circuit is plant input current Iq
*.  
 
 
 
 
 
 
 
 
 
 
 
 
The hardware of speed and position detector is shown in Fig. 5.7 which is consists of counter, 
latch and multiplier. Counter is used for counting the number of pulses. Encoder is used to detect 
speed and rotor position of PMSM, as shown in Fig. 2.14. There are three channels such as channel 
A is for phase A (PHA), channel B is for phase B (PHB) and channel I is for phase U (PHU). The 
output of phase B determines the direction of rotation of a motor. The pulse encoder has 20,480 
pulse per revolution (ppr). The number of pulses of encoder is multiplied by 4 for phase A (PHA) 
and phase B (PHB), so that the number of pulses of encoder becomes 81,920 ppr, as shown in Fig. 
5.8.  Pulses of PKFF are generated from combination of a falling edge and a rising edge of pulses 
of PHA and pulses of PHB.  
 
 
Fig. 5.6 PI-P controller circuit  
 
 
62 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.7 Speed and Position Detector 
Fig. 5.8 Pulses are multiplied four-times 
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Phase U (PHU) is used as a reset signal (URST) of an electrical angle of rotor which can be 
detected by counting pulse of the encoder, as shown in Fig. 5.9.  
 
 
 
 
 
 
The extended pulse interval method is used to detect speed of the PMSM, as shown in Fig. 5.10. 
 
 
 
 
 
 
 
 
 
 
 
PKLATCH is the sampling of pulses of encoder PKFF during sampling period Tω (s) and the 
number of encoder pulses counted is PK. Speed of PMSM can be expressed using equation (5.1). 
𝑁 =
60𝑃𝐾
𝑃𝑇𝜔
      (5.1) 
where N is speed of PMSM in min-1 and P is the number of poles of PMSM. 
However, since PKFF and PKLATCH are out of sync, the error of PKFF pulses is generated, 
therefore, the extended pulse interval method for correcting PKLATCH is applied to detect the 
speed of PMSM. The clock system (CLK) in X[Hz] is applied to count the rising edge of PKLATCH 
and the rising time of the encoder pulses (PKFF) before it immediately. For example, Ck is the 
Fig. 5.9 Position detection  
Fig. 5.10 Extended pulse interval method  
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number of clocks at a time k and Ck-1 the number of clocks before it, the corrected time Tω
’ is 
expressed by the following equation [26]: 
𝑁 =
60
𝑃
𝑃𝑘
𝑋𝑇𝜔+(𝐶𝑘−1−𝐶𝑘)
     (5.2) 
If 60/P and XTω are constant, the equation (5.2) can be simplified become 
𝑁 = 𝐾1
𝑃𝑘
𝐾2+𝐷𝑘
      (5.3) 
 
where K1 and K2 are constant and Dk is Ck-1 – Ck.  
Analog to digital converter (ADC) is used to convert the measured current into digital value so 
that it is important to create signal for controlling the analog to digital converter. Current detector 
is designed to provide the signal for controlling ADC. It is important to create signal to perform 
serial communication using an ADC. The hardware of current detector is shown in Fig. 5.11 which 
consists of a flip-flop, shift register and counter. The output of ADC (ADC output) is captured by 
shift register and a current (U phase current and V phase current) 12 bit signal is created by 12 bit 
shift register. Conversion to digital value from analog value is begun in accordance with the rising 
edge of the CS signal. The signal timing characteristics are shown in table 5.4. Fig. 5.12 shows the 
time chart for ADC.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.11 Current Detector Circuit  
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Table 5.4. Signal timing characteristics 
Input and Output Signal of AD Converter 
CS 
Start of conversion to digital values from the 
analog value 
Signal of 
conversion start  
SCK CLK signal is sent to the AD converter Clock Signal 
SDO  1 bit Data  is sent from the AD Converter Output Signal 
Timing Characteristic of Signal 
t1  Minimum Positive or Negative CS Pulse Width 4 ns Min 
t2 Setup Time After CS↓ 6-2000 ns 
t3  SDO Enabled Time After CS↓ 4 ns Max 
t4 SDO Data Valid Access Time After SCK↓ 15 ns Max 
t5  SCK Low Time 40%(tSCLK) Min 
t6  SCK High Time 40%(tSCLK) Min 
t7 SDO Data Valid Hold Time After SCK↓ 5ns Min 
t8 SDO Into Hi-Z State Time After SCK↓ 5-14 ns 
t9 SDO Into Hi-Z State Time After CS↑ 4.2 ns Max 
tSCK Shift Clock Frequency 0.5-48 MHz 
tTHROUGHPUT Minimum Throughput Time， tACQ + tCONV 333 ns Max 
tCONV Conversion Time 277 ns Min 
tACQ Acquisition Time 56 ns Min 
tQUIET SDO Hi-Z State to CS↓ 4 ns Min 
 
 
 
Fig. 5.12 Time chart of ADC 
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Fig. 5.13 shows a dq coordinate transformation circuit. This is the hardware used to transform 
uvw coordinates into αβ coordinates and transform αβ coordinates into dq coordinates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.3 Experimental results and discussions 
After the experimental apparatus has been set up, the experiment is performed to derive the input 
and output data, which is then processed by FRIT to tune the KP1, KP2 and KI parameters. The tuning 
parameters are then implemented and the actual waveform is compared to the ideal waveform.  
In the experiment, the speed command is changed from 100 min−1 to 150 min−1, and then the step 
disturbance is added by applying a load to the control system when the motor speed is maintained 
at 150 min−1. 
The clock frequency of the FPGA is set to 48 MHz and the pulse encoder has 20,480 ppr. A PWM 
switching frequency of up to 100 kHz is achieved. A control frequency of up to 200 kHz is achieved 
but only when the frequency of the speed detector is 50 kHz. The model PLZ 150 W electronic load 
is used for motor loading and is set at 0.5 A. The initial output with the step response and the 
disturbance response (black lines) is shown in Fig. 5.14, and the initial input is shown in Fig. 5.15. 
The speed decreases and the current increases when the motor is loaded.  
Fig. 5.13 dq coordinate transformation circuit  
 
 
67 
 
The initial input u0 (k) and output y0 (k) data are taken from a one-shot experimental data from the 
closed loop system where the initial PI-P gain controller was implemented. The initial PI-P gain 
controller parameters are as follows: 
KP1 = 0.6,            KI = 50            KP2 = 0.005 
These parameters are chosen arbitrarily and only once the experiment is performed using the 
initial controller parameters. Initial output and input data using controller parameters above are 
shown in Fig. 5.14 and Fig. 5.15. 
After the input and output data have been taken from the experiment, the reference model data 
are then formed by following the output data shown in Fig. 5.14 (red lines). The reference model 
data is used for the step response and for the disturbance response. 
The reference model M1(s) for the step response is represented as  
            (5.4) 
 
The disturbance reference model M2(s) for the disturbance response is presented as 
 
            (5.5) 
 
 
 
 
 
 
 
 
 
 
 
1 
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k 
Disturbance response 
Initial output data y0(k) 
Reference model data M(k) 
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Fig. 5.14 Output data using initial PI-P gain controller [34] 
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Natural frequency ω is the desired frequency for step reference model ω1 = 1000 rad/s and 
disturbance reference model ω2 = 200 rad/s.  
Because the control system is a 2DOF system, the relative order of the controlled plant is set to l 
= 2. The reference model M(s) is composed of the reference model for a step response M1(s) and the 
disturbance reference model for the disturbance response M2(s) is as shown in Fig. 5.14. 
So the reference model data can be composed of 
𝑀(𝑘) = {
𝑀1(𝑘) 1 ≤ 𝑘 ≤ 3286
𝑀2(𝑘) 3287 ≤ 𝑘 ≤ 5001
} ,    (5.6) 
  The time range t (second) of step response data M1(k) is -0.1s ≤ t ≤ 0.2285s and the time range t 
(second) of disturbance data M2(k) is 0.2286s ≤ t ≤ 0.4s. The load is added when t = 0.2286 s and 
M(k) is the reference model data for k = 1,2,3,…5001.  
After the input, output and reference are applied to the FRIT with the initial PI-P gain parameters, 
the tuned controller parameters are obtained as follows 
 KP1 = 0.7994    KI = 53.71750          KP2 =0.0201           
The output results when the tuned PI-P gains were applied using FRIT are shown in Fig. 5.16. 
 
 
 
 
Initial input data u0(k) 
 and plant input current iq* 
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Fig. 5.15 q-axis current and input data using initial PI-P gain controller [34]  
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Fig. 5.16. Output results when tuned PI-P gains were applied using FRIT [34] 
Fig. 5.17.  Plant input current iq
*, and q-axis current iq when tuned PI-P gains 
were applied using FRIT [34] 
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Fig. 5.18. Step response of initial PI-P 
gain controller [34]  
Fig. 5.19. Disturbance response of 
initial PI-P gain controller [34]  
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 Fig. 5.18 and Fig. 5.20 show the step response of initial PI-P gain controller and step response 
of tuned PI-P gain controller when time is expanded from -0.05 s to 0.1 s. Fig. 5.19 and Fig. 5.21 
show the disturbance response of initial PI-P gain controller and disturbance response of tuned PI-P 
gain controller when time is expanded from 0.2 s to 0.3 s. 
 
 
 
 
 
 
 
 
 
Fig. 5.22 The state of controller parameters searched by FRIT 
Fig. 5.22 shows the state of controller parameters searched by the FRIT. There are 100 iterations 
used to obtain the controller parameters.  
A one-shot experiment is performed to take another the initial input u0 (k) and output y0 (k) data 
in the closed-loop speed control of PMSM where the initial PI-P gain controller was implemented. 
The initial PI-P gain controller parameters are as follows: 
KP1a = 0.3,             KIa = 30             KP2a = 0.01 
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Fig. 5.20. Step response of tuned PI-P 
gain controller [34] 
Fig. 5.21. Disturbance response of tuned 
PI-P gain controller [34] 
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The reference model data are formed following the output data shown in Fig. 5.23 (red lines) 
which is used for the step response and for the disturbance response.  
The reference model M1(s) for the step response is represented as  
            (5.7) 
 
 
The disturbance reference model M2(s) for the disturbance response is presented as 
 
            (5.8) 
 
 
 The reference model M(s) is composed of the reference model for a step response M1(s) and the 
disturbance reference model for the disturbance response M2(s) is as shown in Fig. 5.23. 
Reference model data can be composed of  
 
𝑀(𝑘) = {
𝑀1(𝑘) 1 ≤ 𝑘 ≤ 3363
𝑀2(𝑘) 3364 ≤ 𝑘 ≤ 5001
} ,     (5.9) 
 
The time range t (second) of step response data M1(k) is -0.1s ≤ t ≤ 0.2362s and the time range t 
(second) of disturbance data M2(k) is 0.2363s ≤ t ≤ 0.4s. The load is added when t = 0.2363 s and 
M(k) is the reference model data for k = 1,2,3,…5001.  
After input data, output data and reference data are applied to the FRIT, the tuned controller 
parameters are obtained as follows 
KP1a = 0.6744        KIa = 61.8537              KP2a =0.0400      
 
The output results when the tuned PI-P gains were applied using FRIT are shown in Fig. 5.25 and 
input results when the tuned PI-P gains were applied using FRIT are shown in Fig. 5.26. 
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 .            
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Fig. 5.24 q-axis current and input data using initial PI-P gain controller  
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Fig. 5.25. Output results when tuned PI-P gains were applied using FRIT 
Fig. 5.26.  Plant input current iq
*, and q-axis current iq when tuned PI-P gains 
were applied using FRIT 
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Fig. 5.27. Step response of initial PI-P gain 
controller  
Fig. 5.28. Disturbance response of 
initial PI-P gain controller  
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Fig. 5.31 shows the state of controller parameters searched by the FRIT. There are 100 iterations 
used to obtain the controller parameters.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.31. The state of controller parameters searched by FRIT 
 
The third initial input u0(k) and output y0(k) data are taken by performing a one-shot experiment  
in the closed-loop speed control of PMSM, where the initial PI-P gain controller was implemented  
The initial PI-P gain controller parameters are as follows: 
KP1b = 0.5             KIb = 35             KP2a = 0.01 
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Fig. 5.29. Step response of tuned PI-P 
gain controller  
Fig. 5.30. Disturbance response of tuned 
PI-P gain controller  
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Initial output and input data using controller parameters above are shown in Fig. 5.32 and Fig. 
5.33.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
After a one-shot experiment has been performed to obtain input and output data, the reference 
model data are then formed following the output data shown in Fig. 5.32 (red lines). The reference 
model data is used for the step response and for the disturbance response. The reference model 
M1(s) for the step response is represented as 
 
Initial input data u0(k) or 
plant input current  iq* 
1 
M2(k) 
M1(k) 
q-axis current iq 
Disturbance response 
Reference model data M(k) 
5001 1 
5001 3418 
Fig. 5.32 Output data using initial PI-P gain controller  
 
Fig. 5.33 q-axis current and input data using initial PI-P gain controller  
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            (5.10) 
 
The disturbance reference model M2(s) for the disturbance response is presented as 
 
            (5.11) 
 
The reference model M(s) is composed of the reference model for a step response M1(s) and the 
disturbance reference model for the disturbance response M2(s) is as shown in Fig. 5.32. 
Reference model data can be composed of  
 
𝑀(𝑘) = {
𝑀1(𝑘) 1 ≤ 𝑘 ≤ 3418
𝑀2(𝑘) 3419 ≤ 𝑘 ≤ 5001
} ,    (5.12) 
 
The time range t (second) of step response data M1(k) is -0.1s ≤ t ≤ 0.2417s and the time range t 
(second) of disturbance data M2(k) is 0.2418s ≤ t ≤ 0.4s. The load is added when t = 0.2418 s and 
M(k) is the reference model data for k = 1,2,3,…5001.  
After the input, output and reference are applied to the FRIT with the initial PI-P gain parameters, 
the tuned controller parameters are obtained as follows 
KP1b = 0.7790     KIb = 50.9551            KP2b =0.02010       
 
The output and input results when the tuned PI-P gains were applied using FRIT are shown in Fig. 
5.34 and Fig. 5.35. 
 
 
 
 
 
 
 
 
        The output of tuned y(k) 
       Reference model data M(k) 
            (Ideal response) 
 
Fig. 5.34. Output results when tuned PI-P gains were applied using FRIT 
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q-axis current iq 
 Plant input current iq*  
Fig. 5.35.  Plant input current iq
*, and q-axis current iq when tuned 
PI-P gains were applied using FRIT 
 
Fig. 5.36. Step response of initial PI-P gain 
controller  
Fig. 5.38 Step response of tuned PI-P 
gain controller  
Fig. 5.37. Disturbance response of 
initial PI-P gain controller  
Fig. 5.39. Disturbance response of tuned 
PI-P gain controller  
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Fig. 5.40 shows the state of controller parameters searched by the FRIT. There are 100 iterations 
used to obtain the controller parameters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.40 The state of controller parameters searched by FRIT 
 
There are three cases of initial controller parameters KP1, KI and KP2 and tuned controller 
parameters provided in this dissertation that are shown in table 5.5.  
 
Case  Initial  KP1KI  Tuned  
 KP1 KI KP2  KP1 KI KP2 
I 0.6 50 0.005 1/30 0.7994 53.7175 0.0201 
II 0.3 30 0.01 1/9 0.6744 61.8537 0.0400 
III 0.5 35 0.01 1/17.5 0.7790 50.9551 0.0201 
        
Three initial controller parameters KP1, KI and KP2 are chosen arbitrarily and initial output data 
y0(k) and input data u0(k) are taken from a one-shot experiment using three initial controller 
parameters. Tuned parameters are determined by initial controller parameters.  This is the advantage 
of tuning controller parameters using FRIT method that only needs one-shot experimental data by 
using initial controller parameters that are chosen arbitrarily. Reference model data M(k) is formed 
Table 5.5. Initial and tuned controller parameters 
pppaparameter 
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for step reference model data M1(k) and disturbance model data M2(k) following the output data 
y0(k). The tuned parameters are determined by minimizing the error between reference model data 
M(k) and initial output data y0(k) using FRIT method.  
Fig. 5.14, Fig. 5.23, and Fig. 5.32 show the output data using the initial PI-P gain controller for 
the step response and the disturbance response. The ideal response is compared to the output 
response in this figure. The output response does not follow the ideal response in this case. The 
disturbance response of the output is too slow to achieve the ideal response. The motor speed does 
not recover immediately to the steady- state condition when motor is loaded and is affected by a 
disturbance. High responsivity and disturbance rejection cannot be achieved when using the initial 
PI-P gain controller parameters. 
Fig. 5.15, Fig. 5.24 and Fig.5.33 show the q-axis current iq and the plant input current iq*. These 
are the minor current loop using the initial PI-P gain controller. The transfer function of the minor 
current loop is assumed as one and this dissertation mainly focus on speed control loop.  
Fig. 5.16, Fig. 5.25, and Fig. 5.34 show the output results when the tuned PI-P gains were applied, 
respectively. Ideal responses for both the step response and the disturbance response are shown in 
this figure. The output response follows the ideal response for both the step response and the 
disturbance response. The motor speed recovers immediately to the steady-state condition when 
motor is loaded and is then influenced by a disturbance. High responsivity and disturbance rejection 
can be achieved using the tuned PI-P gain parameters. Fig. 5.17, Fig.5.26, and Fig. 5.35 show the q-
axis current iq and the plant input iq*. These are the minor current loop when tuned PI-P gains were 
applied. There are the errors between q-axis current iq and plant input current iq*, therefore there are 
the errors between speed response and the ideal response. Fig. 5.18, Fig. 5.27, and Fig. 5.36 show 
the step responses of the initial PI-P gain controller and Fig. 5.20, Fig. 5.29, and Fig. 5.38 show the 
step response of the tuned PI-P gain controller when the time is expanded. Fig. 5.19, Fig. 5.28, and 
Fig. 5.37 show the disturbance responses of the initial PI-P gain controller and Fig. 5.21, Fig. 5.30, 
and Fig. 5.39 show the disturbance response of the tuned PI-P gain controller when the time is 
expanded. High responsivity and disturbance rejection can be achieved using the 2DOF PI-P 
controller.  The FRIT method can be used to obtain the desired parameters for the FB PI-P controller 
in a 2DOF control system with the aim of achieving the ideal responses for both the step response 
and the disturbance response.    
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5.4 Conclusions 
Experimental results are given in this chapter to prove the viability the proposed method. There 
are three initial controller parameters that are tuned using FRIT method. The initial controller 
parameters are chosen arbitrarily to obtain initial output and input taken from experiment. The 
desired step response and disturbance rejection can be obtained following the reference model for 
both step reference model and disturbance reference model. By minimizing the error between 
reference model data M(k) and output data y0(k), the desired controller parameters can be obtained 
where speed response follows the ideal response characteristics for both step response and 
disturbance response. 
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Chapter 6 
 
 
Conclusions 
 
This dissertation proposes a 2DOF PI-P tuning method for the speed control of a PMSM using an 
FPGA for a high-frequency SiC MOSFET inverter and using the FRIT method in a 2DOF control 
system. 2DOF PI-P controller is used to obtain both desired step response and disturbance rejection 
at once. High responsivity and disturbance rejection are required in PMSM speed control system 
and high-frequency PWM method is needed to achieve this aim. SiC MOSFET inverter is used to 
realize the high-frequency PWM. FPGA-based digital hardware control is used as a controller in 
PMSM speed control that produce high-frequency PWM to SiC MOSFET Inverter. FPGA can work 
at high-speed processing for the high-frequency switching of the SiC MOSFET inverter. FPGA is 
suitable to produce high-frequency PWM for SiC MOSFET inverter.   
High-performance control system is determined how well to tune the controller parameters. 
Tuning PI-P controller parameters in the FPGA takes several times if the value of controller 
parameters is determined by trial and error because there are some processes must be done before 
downloading the programming file to an FPGA such as the synthesis process, the generate 
programming file process and the configure target device process. FRIT method is applied for 
tuning controller parameters in the FPGA so that tuning controller parameters is effective and 
efficient. FRIT is applicable to tuning of PI-P controller parameters based on the input and output 
data obtained from one-shot experimental data. Performance index of FRIT focuses on output so 
that FRIT can be implemented to tune controller parameters of PMSM speed control. Step reference 
model and disturbance reference model can be formed following the output. FRIT evaluates the 
performance index that consists of squared error between reference and output. Particle swarm 
optimization (PSO) is used for FRIT optimization based on the movement of the swarm to find the 
best path to their food. PSO is an effective method used for FRIT optimization.  There are many 
studies that use PSO method for FRIT optimization.  
Previous research of FRIT method is to obtain the controller parameters for only step response 
which follows the step reference model. There has been no research to obtain the controller 
parameters for both step response and disturbance response that follows step reference model and 
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disturbance reference model. This dissertation proposes the use of disturbance reference model for 
reference to disturbance response. When disturbance is applied to the control system, disturbance 
position can be moved virtually to reference position. This method is a virtual disturbance reference 
method. PI-P controller can be designed using FRIT method for both step response and disturbance 
response at the same time using this method. Step response data and disturbance data can be 
evaluated from reference to controlled output using fictitious reference signal and step reference 
model and the desired controller parameters can be obtained that speed response follows the ideal 
characteristics for both step response and disturbance response. There has been no research 
available on tuning 2DOF PI-P controller using FRIT method for PMSM speed control using FPGA 
for high-frequency SiC MOSFET inverter. 
Switching frequencies of up to 100 kHz can be achieved using the SiC MOSFET so that the motor 
speed can recover immediately when motor is loaded and is then affected by a disturbance. The 
output response follows the ideal response characteristics for the step response and the disturbance 
response. High responsivity and disturbance rejection can be achieved using the proposed 2DOF 
PI-P control system. Desired 2DOF PI-P controller parameters can be achieved, where the output 
response follows the ideal response for both the step response and the disturbance response, when 
using the proposed method.  
Experimental system of PMSM speed control is set up and performed to prove the viability the 
proposed method. FPGA-based digital hardware control can satify the PMSM speed control system 
that can produce high-frequency PWM to SiC MOSFTET inverter and PMSM can run well and 
immediate recovery to steady state condition when disturbance is applied in PMSM speed control. 
Electronic load is used as a disturbance for PMSM. 
The proposed method can be used to obtain the desired PI-P controller parameters for both step 
response and disturbance response where the proposed method develops the FRIT method to obtain 
the controller parameters only for step response following the step reference model. A virtual 
disturbance reference method can be applied in FRIT method so that FRIT method can be used to 
obtain the desired controller parameters using fictitious reference signal for both step response and 
disturbance response 
Experimental results show that speed response follows the ideal response characteristics for both 
step response and disturbance response, high-responsivity and disturbance rejection result can be 
achieved using SiC MOSFET inverter. There is error in minor current loop, so there is error between 
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the ideal response and the speed response. For further research is how to design a method to 
minimize the error of minor current loop close to zero so speed response is very close to ideal 
response.  
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